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LTHOUGH the possibilities of aircraft types 
of structures for commercial ground vehicles 
are latent, they do exist, Mr. Short concludes 
from his research work and study of the subject. 


The successful application depends as much 
on the urge and ingenuity of the engineer, he 
adds, as it does upon having available ideal 
forms and materials. Airframe construction as 
an art is probably more a form of inspiration to 
the truck and bus engineer than a tool to be 
used directly in his design. 


The appreciation of light-weight structures, 
however, must be developed cautiously, Mr. 
Short warns, notwithstanding the fact that a 
pound of structural overweight is a pound of 
payload lost for the life of the vehicle. 


THE AUTHOR: MAC SHORT (M ’25), vice-president 
»f Lockheed Aircraft Corp. and 1943 president of the SAE, 
is recognized as one of America’s outstanding aeronautical 
engineers. An engineering member of the West Coast Air- 
craft War Production Council, Mr. Short has been active in 
promoting cooperation within the aeronautical manufactur- 
ing industry to effect interchange of technical data and to 
expedite and augment warplane output. He began his avia- 
tion career in the U. S. Army Air Service during World 
War I, and subsequently graduated from Kansas State 
Agricultural College. He later became an aeronautical engi- 
neering instructor at M.I.T., and was instrumental in found- 


ng both Stearman Aircraft Co. of Wichita, Kan., and Vega 
Aircraft Corp. 











HE opportunity to present and discuss this study is 

appreciated, but please let me say at the very outset that 
these remarks are purely personal and do not reflect my 
company’s policy or plans. Further, I do not wish the 
mpression gained that I am experting ground-vehicle 
lesign. 

[ could not fairly launch into this interesting question 
without extending a word of appreciation to SAE President 
William James, Robert Cass, B. B. Bachman, E. W. Allen, 
ind other SAE members who have most patiently presented 
some of the primary concepts of truck and bus engineering 
to Walter C. Hurty and me. 


= Statement of Fundamentals 


lt would be presumptuous to say that an aircraft engi- 
leer gets much beyond a “smattering of ignorance” in 
making a study of analogies between air and ground 
vehicle structures. Just being exposed to the subject has 
een instructive and enlightening and has taught me to 
ippreciate further the progress made in structures and the 
veakness of the axiom that weight is strength. 

Early in the collateral reading along this line, it appeared 

at there are some fundamental parallelisms, particularly 
‘tween commercial ground vehicles and commercial air 
raft. Therefore, probably the word commercial should be 


This Paper was presented at the SAE National War Matériel Meet 
Detroit, June 7, 1944.) 
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inserted in the title, at least this phase should be favored 
in Our consideration. 

Establishment of principles and fundamentals are con- 
sidered of first importance. A clear statement of the prob- 
lem frequently presents the more important and difficult 
step. The methods of applying these principles to actual 
practice will only be indicated where possible, and not 
definitely developed, as this latter step will be the function 
of the ground-vehicle engineer —if he can screen out any 
engineering applications from these jumbled statements. 

First, we have passenger and cargo airplanes as well as 
ground vehicles —all automotive under the skin — or is it 
hood? Then there is the familiar empty weight, useful or 
payload, and gross weight, and the effect of these variables 
on performance. (The comparison will deal only with 
reference to civil aircraft structures. ) 

It has been pointed out by previous writers on the subject 
that the two fundamentals of motor truck and bus design 
are: (1) the vehicle must support sufficient payload at costs 
that permit a profit (this is mainly a frame, body problem), 
and (2) the vehicle must be moved economically over the 
route (this is a matter of engine, clutch, transmission, 
universals, and rear-end design). The commercial airplane 
must measure up equally well, if not better, to these same 
fundamentals, except that they are not as practically sepa 
rated. A breakdown of these fundamental concepts pro 
vides a handy and convenient division between the struc 
tural and the mechanical components of the vehicle. For 
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the sake of discussion, the question is — what are the possi 
bilities and benefits to be gained by applying the art or 
science now being employed in aircraft to the commercial 
ground vehicle? 

To appreciate the question better, it may be helpful to 
state the philosophy of the aircraft designer and structures 
engineer in approaching his problem. It can be expressed 
simply in two objectives: first, to make the best possible 
use of all the structural material at hand; and second, to 
make the structure direct and continuous. The first state 
ment means that each and every part of the structure must 
carry its maximum load, assuming the most suitable struc 
tural material for the problem at hand is used. The second 
statement means that the designer must provide, as nearly 
as possible, a direct and unbroken path for all of the loads 
to follow from their point of application to their point of 
final reaction. If each part of the structure carries its maxi 
mum load and discontinuity is avoided and no low stress 
intensity allowed, then the structure is assumed to be work 
ing at its best strength/weight ratio. If the reverse is the 
case, then pieces or parts of the structure should be elim 
inated or redesigned in order to achieve the ideal conditions 
of materials and structural continuity. 

There are few parts of the airframe that do not function 
as stressed parts. A homespun example would be: if the 
airplane designer found it necessary to add a fender, he 
would make it carry a share of the structural load of the 
adjoining area in addition to its nonstressed function of 
keeping the mud off the machine. All this would be done 
with the lightest material possible to meet the stressed and 
nonstressed functional requirements. It is understood that 
there is a growing tendency among commercial vehicle 
designers to utilize portions of the structure in functional 
formation, and to give as many of them as possible mul 






tiple purposes. This logic must be vigorously prosecute 
if any possibilities are to be realized from the aircraft 


¥ 
tures approach. a 
A word should be said here and now about the eve; y 


present pressure or urge behind this aircraft structure 
philosophy. It stems from the competitive need for q 
increasingly lighter and stronger structure. In no field ¢§ 3 
engineering does it appear that the penalty for heavy stry 
tures or inefficient design brings such immediate cons 
quences. The engineer realized that every pound saved in J 
the initial design of an airplane means another pound of 
payload for the life of the craft. 4 
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= Background of Present Aircraft Structures 


It may be interesting in considering this analogy to r 
view briefly the evolution of airplane structural desig 
over the past 10 to 15 years. Early airplanes were designe 
by two separate and distinct approaches — that of the aerc 
dynamics engineer and that of the structures engineer 
The structural backbone was built up almost withow 
regard for its external shape. Since the structures mai 
was basically a civil engineer, load-carrying members cor 
sisted of trusses and structural shapes which had no resen 
biance to the final external appearance of the wing o 
body. It was, therefore, necessary for the aerodynami 
engineer to design fairings which could be placed over, 
attached to, the crude box-like structure to provide 
desired aerodynamic shape. We then labored with se; 
rate functions, each abstract, and neither lending any su; 
port or aid to the other. Fig. 1 illustrates typical aircraft 
body or fuselage arrangements over the past 15 years. 

Considering the more recent trends in design we fin 
considerable improvement in this regard, although th 
unification of aerodynamic and structural design is not y 
complete. In modern, all-metal airplanes the desired ex 
ternal shape is laid down on a performance basis and th 
problem of the structures engineer is to provide suitab! 
material to circumscribe the shape and utilize it to carry 
the loads with a minimum of additional internal member 
Surprisingly enough, it is now a recognized fact that this 
approach, wherein the same material carries out the dua 
function of structure and shape, provides both a bett 
structure and a better aerodynamic surface and, at the sai 





time, saves weight and construction cost. The structur 
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better because the material is located at the very surface 


of the unit, which we all know, increases the moment of 

‘ia and the torsional modulus of the shape as a beam. 
Better aerodynamic surface is provided because the struc- 
tural covering material is more rigid than the fabric for- 


merly used. Although the publicity boys refer to the 
irplane as “it,” which implies neuter gender, the structure 
| a very definite change of life about 10 years ago. It 

,me streamlined rather than rawboned. 

making the statement that these design principles 
weight, we must think not of specific designs but of 
weight trends in commercial aircraft during the past 
years. It is largely through this change in structural 
hilosophy that modern airplane structures weigh no more 
hen compared with their gross weight and against the 
steadily increasing operating speed. Fig. 2 (empty weight/ 
ss weight versus speed versus year) illustrates the trend. 
[his has been done despite the fact that speeds have in- 

ased twofold, that wing bracing is now confined in a 
monoplane wing instead of strut bracing or a deep biplane 
structure, and that we are now using retractable tricycle 
landing gears and flaps; all of which tend to increase struc 
tural weight. 

One is inclined to predict that the commercial ground- 
vehicle design is due to undergo a similar evolution. 
Indeed, to an observer, it had already indicated the change 

some extent before the war. It seems that the separate 

ructural frame with the body perched on top to house 
igo or passengers is very much like the bridge truss 
structure with fabric or plywood fairing of earlier air- 

ines. It seems fundamental that those parts which now 
serve only one function each should be combined to serve 
two or more functions with fewer parts and lighter weight. 
[he same might be said of other components, such as 
enders, which are still mudguards. Even bumpers should 
contribute to the structure besides being shin guards. 
Indications that these conjectures may appear in the com- 
mercial ground vehicle has been pointedly indicated by 
M. C. Horine.? 


m Loads and Their Application 


If the bus and truck designer wishes to produce the 
vehicle frame, body or chassis, or general structure, like 


See SAE Transactions, Vol. 52, November, 1944, pp. 519-525, 556: 
The Shape of Trucks to Come,” by Merrill C. Horine. 
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the passenger-cargo airplane body or chassis, he should 
treat the structure in a similar manner and with similar 
respect. It is not enough to introduce simply a light mate- 
rial such as aluminum alloy or a high-strength, thin-gage 
steel to an existing structure and assume that by so doing 
he has designed a light, efficient unit. No single approach 
can serve as a panacea for all the ills of an inefficient, over- 
weight structure; a number of systematic approaches must 
be taken, each of which is important. 

The airplane designer has been forced to proceed along 
certain established lines of investigation by the sheer neces- 
sity of the value of a pound and the safety of the structure. 
The same degree of necessity may not be present in the 
case of ground vchicles, but for those who are interested, 
the steps in the approach are outlined and discussed briefly 
to acquaint them with the practice. 

The first step in the development of an efficient structur« 
is to determine the proper distribution of loads. All prob 
able loading conditions and combinations thereof requir 
investigation. From these, a group of conditions are se 
lected that will determine a well-proportioned structure. 
In the airframe we develop a so-called strength envelope, 
plotting velocity from zero to maximum dive speed as 
abscissa and acceleration, both positive and negative in 
terms of g, as ordinate. On this diagram is superimposed 
the gust or air bump lines, as well as maneuvering load 
lines. This envelope when completed represents all the 
basic loads applied to the structure from any symmetrical 
flight maneuver. The landing and take-off loadings are, 
of course, in addition to the basic flight loads represented 
by the strength diagram. The basis for the build-tip of 
these diagrams has been verified by numerous flight tests 
where accelerations in gusts and maneuvers have been 
recorded against speed. 


A comparison was sought between these two forms of 
automotive equipment that mechanically have much in 
common but which operate in different coordinate planes. 
The loading analogy became sufficiently interesting to 
warrant an attempt to develop a strength envelope for the 
earthbound vehicle, from which it was thought a set of 
structural load criteria might be set down. The velocity 
abscissa seemed identical and the gust load line seemed to 
have a parallel in the contour of the highway, as a gusty 
day in the air is about like a ride over a rough road. 
Bumps in the air are as much up as down, while on the 
ground it seems that the most severe bumps come from 
raised obstructions, or at least the diagrams show it that 
way. The truck and bus designer has a primary system of 
springs and shock absorber that checks the force of the 
bump. The effectiveness of the snubber is what appears to 
regulate the negative acceleration when the vehicle passes 
over the bump, and this appliance seems to introduce the 
basic difference between the two vehicles hitting their 
respective bumps. 

There has been established in our field of structures a 
standard bump, or air pocket as it is referred to by th« 
layman. It is represented by a sharp-edged gust of 30 fps. 
Of course all bumps in the air are not this hard, and it is 
probable that road bumps are equally as variable in inten 
sity. Complete measurements have unquestionably been 
made on the effect of road bumps on the vehicle structure. 
A figure has been stated: that the design load, on the 
sprung weight, of a bus is in the neighborhood of ag. It 
is assumed that road: speed-comes: into this value as through 


its introduction we conclude that these accelerations are 
reached. It will be noted that in aircraft structures, we 
specify the most critical form of the bump and design right 
up to the loads this bump imposes. 

The attempt to develop an analogous diagram did not 
turn out too successfully, but the work may be of interest 
it only to show how the problem may be treated. A simple 
load-velocity diagram for ground vehicles is illustrated in 
Fig. 3. As aircraft structures carry distributed loads in the 
uir, but concentrated loads of high intensity on landing, 
it might have been better to compare the loads that occur 
on landing or take-off with normal ground-vehicle loads. 
Whether the examples are correct, I am not prepared to 
say, but it is certain that an accurate determination of 
design loads is important, first, in order to ensure that the 
structure will take the punishment to which it will be 
subjected in service, and second, to ensure that excess 
structures will not be carried as needless protection against 
operational loads which will never be reached. In airplane 
lesign the second reason is just as important as the first. 

Another important step is the detail design of the struc 
ture. Here again the emphasis is on continuity. As in 
dicated previously, it does not pay to build up a sturdy 
structure locally and not make it continuous. It is just like 
the weak link in a chain. 


As obvious as this statement 
seems, it is surprising how carefully the design has to be 
watched to keep all the links equally strong. In airplanes 
we have to contend with large cut-outs in the structure. 
Sometimes they occur where they do the most damage and 
often we have to take a considerable weight penalty to 
build sufficient strength around them. The same thing is 
possibly true in bus bodies, where all the structural material 
which the designer would like to use to tie the top to the 
lower body is cut out to provide a long row of windows. 


Some of the vehicle designers have referred to the prob 
lem of design of structures adjacent to points of load 
concentration and fitting attachments. We have found it 
necessary, in treating with local loads, to analyze the joint 
for the best pattern by distributing the load over a wide 
area and avoiding marked discontinuity at the joints. A 
gieat deal of effort is put into analyzing joints and rivet 


a Fig. 4-Static test on 

the fuselage of a modern 

airplane — about 500 strain 

gages are used, as well as 

indicators, to record the 

deflections of the struc- 
ture 


or bolt patterns for their efficiency. Bearing loads for shock 
conditions and manutacturing assembly joints must also 
receive close study and analysis. 

One of the most satisfactory methods of determining 
actual loads on the structure as a check against the analysis 
is to instrument and equip the vehicle completely wit! 
strain gages. We obtain dynamic loadings in flight by 
simultaneously recording sometimes as many as 24 points 
on the body. Static tests, which are very effective in check 
ing stress analysis and the structural worth of the design 
are generously employed. Figs. 4 and 5 show a static test 
on the fuselage of a modern plane and the method of 








mn Fig. 5— Method of picking up strains in three directions 
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pick up strains in three directions. About 500 strain 


ages are used, as well as indicators, to record the deflec 
the structure. It is believed that if the ground- 
designer determines the over-the-road loads and 
ploys static testing to a high degree, he will find it 
| tool in determining the behavior of the structure 
ere it should be lightened or strengthened. 


It is fully appreciated that racking loads, unsymmetrical 
oads. and shock loads constitute a major factor in the 
structural analysis of frames, axles, springs, and bodies. 
[he actual over-the-road values of these loads have, un 
questionably, been determined in direction and magnitude, 


a rank amateur, it would seem that none of the 

| loads on a bus or truck body would be difficult to 
esign to, provided they are rationally determined and not 
empirically established. 


es Materials 


thinking about the application of aircraft structures 

the ground vehicle, the designer is inclined to first con 
the use of aircraft materials. Although this may be 

the most obvious approach, the subject of materials has 
been postponed as it naturally must follow the other steps 
that we have outlined previously. In other words, we 
nnot intelligently select the proper material for use in our 
tructure until we have determined the intensity of stress 
h which we have to contend. . 


In selecting a material for a particular application, the 
uircraft engineer is usually concerned with the ultimate 
strength. When designing to the ultimate strength of 
metals, a factor of safety equal to 1.5 is used. It might 
rightfully be dubbed a factor of ignorance. The structure 
is designed so that the material is stressed to the yield 
point. For all materials in common usage, this coincides 
very closely with the ultimate strength divided by the 
prescribed factor of safety. For example, SAE 1025 steel 
has an ultimate strength of 55,000 psi which, when divided 
by our 1.5 factor of safety, gives a maximum working 
stress of 36,000 psi and which coincides with the yield 
strength of the material. This is also true in the commonly 
| Alcoa 24ST aluminum alloy for which the ultimate 


Sec 


strength is around 64,000 psi and the yield strength is 
42,000 psi. 
T el d . . > 
With reference to light-weight ground transport units, 


has been noted? that working stresses under 1g loads 

sre of the order of 1600 to 2900 psi in tension and from 

to 3100 psi in compression. Using an acceleration of 

4g, the average tensile stress becomes 9000 psi, which is 

about of the allowable yield strength of our aluminum 

In an airframe designed for the same acceleration, 
e material would be worked to the yield strength. 


Wioy, 


Vehicle designers may object to this general design prac- 
tice wherein materials are worked up to these high stresses, 
decause of the fatigue problem. Some of them have indi 
i that fatigue limitations dictate the structural member 

and the properties of the materials to be used. The 
rame designer is not unmindful of the fatigue problem 

in determination of the structure, he is inclined to 
consider it not as a primary factor but as a secondary factor 
' eliminated after the structural proportions have been 
blished. Local fatigue failures frequently occur in air 
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frames due to high stresses that result when the essential 
rule of continuity has been violated. 

In examining the design of the structure after drawings 
have been made, the structures engineer frequently en 


counters details in which stress-raisers are apt to exist. His 
approach to the problem in such an event is to eliminate 
the stress-raiser by careful redesign rather than to correct 
the cause of the fatigue failure by simply “beefing up” 
the part. 

It is recognized that fatigue in the aircraft -structure, 
particularly the highly maneuverable types of aircraft, 1s 
apt to be less serious than in the case of the ground vehicle. 
As the ratio of yield strength to fatigue limit for any of the 
materials in common use is less than the applied accelera 
tions to which most aircraft are subjected, the fatigue 
strength of the material tends to govern the design to a 
lesser extent than does the ultimate or yield strength. How 
ever, for comparison purposes we might point out that 
large commercial airplanes are now designed for accelera 
tions which seem to be comparable with those used in 
over-the-road ground-vehicle design. 

Considering further the subject of stress intensities as a 
factor in the selection of proper materials, it is significant 
that these stress intensities in modern all-metal aircraft 
structures tend to be rather low. As previously mentioned, 
this is due to the practice of spreading out the structural 
material over the surface of the body. Because of this low 
stress intensity, and because the stabilization of relatively 
thin sheets is a major problem, most aircraft designers are 
attracted to the use of low-density materials. In speaking 
of low density versus high we usually think of magnesium 
at one end of the range and stainless steel at the other. 

Fig. 6 illustrates the strength-weight ratios of the com- 
mon materials plotted against density, first for tension, then 
for buckling. For equal tensile strength 1n a given part of 
the structure the thickness of the material varies inversely 
as the density, and for a given weight of material the 
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horsepower during 1921-1942 —medium-duty trucks (average for 
three makes) 








buckling strength varies directly as the square of the thick- 
ness. It is readily seen that buckling strength-weight ratios 
are much higher for low-density materials. To be sure, the 
buckling strength of the heavier materials can be increased 
by the use of a larger number of supporting members, and 
it is true that the higher density materials tend to lend 
themselves better to commonly used fabricating methods. 
All in all then, the designer is constantly faced with a 
problem of selecting his material. He has, on the one hand, 
material which requires considerable support but which is 
easily fabricated, and, on the other hand, material which 
requires very little support but which is much more diff 
cult to work. We are sometimes inclined to think that one 
may “pay his money and take his choice.” 

Castings, forgings, hot pressings, extruded shapes, and 
rolled shapes made from the accepted materials all seem 
very appropriate for use in ground vehicles. It is presumed 
that the structure, as agreed upon, provides the greatest 
opportunity for shapes made from sheet metal or by extru- 
sion presses. The latest love in the airframe material field 
is Magnesium in all its forms, and for those interested it is 
recommended that the paper by J. C. Mathes® be carefully 
reviewed, 

A question that is repeatedly asked about these light 
high-strength alloys is: How do you repair the damaged 
structure? First, it should be said that the examples which 
we have all seen of damaged bombers limping home is 
mute evidence that they will support an incredible load 
before complete failure occurs. This characteristic is one 
that the designer or pilot did not fully realize prior to the 
war. The fact that a stressed skin, wing, or monocoque 
body does behave so well when mortally damaged should 
be of comfort to the commercial car designer when con 
sidering its general application. Surely it indicates the 
ability of the structure to withstand shock and collision. 

But to return to the possibilities of repairing these mate- 
rials by simple means and in the field — it can best be an- 
swered by saying, “they do it,” and make no special point 
of it. The repair crews develop the know-how quickly, 
and with the assistance of repair manuals illustrating rec- 
ommended treatment for a typical damaged joint or loca- 
tion, marvelous results have been accomplished. 

Factory handling and repair of the materials have pre- 


$ See SAE Transactions, Vol. 52, February, 1944, pp. 62-66, 72: 
“Experience with the Use of Magnesium in Aircraft,” by T. C. Mathes 
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sented a problem in the past but handling is no longer 
critical. Aluminum-alloy sheets will not fail if they suffer 
a slight scratch, neither will they seriously corrode. Th 
tales about surface condition and finish are dying, and with 
the tens of thousands of workers becoming familiar with 
aluminum, magnesium, and stainless steel, shop difficulties 
with these materials should be minimized. We do prepar 
a “butch book” for shop use which illustrates methods 
acceptable to the structures engineer and the inspector for 
repair of damaged or faulty parts as they come down the 
assembly line. 


m Performance Restrictions 


At first thought, the subject of truck and bus perform 
ance, or better performance and size restrictions, may not 
appear to have a place in a discussion of this nature. While 
acquiring a background on commercial vehicles, the vary 
ing weight and size restrictions came to my attention. One 
cannot fail to be impressed with the vast inequalities of the 
various state restrictions. A quick survey indicates that the 
limits are apparently disassociated with topography, climate, 
elevation, highway development, and a host of other engi 
neering variables that might be expected in technical 
restrictions. 

A glance at the National Highway Users Conference 
report for 1944 makes one hesitate to carry further any 
generalized comparison between the structure of ground 
and air vehicles. With the varying restrictions it must be 
extremely difficult to rationalize the design for certain 
states and then apply it on a national user basis. Unques 
tionably, the truck and bus designer has developed a 
statistical average for weight and dimensional variables, 
and by using the existing construction methods of a dis 
associated frame and body structure, a satisfactory vehicle 
results. 

However, before leaving the subject of restrictions, 
may be of interest to cite certain Federal regulations that 
affect the performance possibilities of inter- or intra-stat 
commerce aircraft. Proportioning an airplane would be an 
extremely complex problem if arbitrary size and weight 
limitations, similar to the above, were to be introduced int 
the design requirements. Fortunately, they are not ar! 
trary but are based on standard air conditions as affectit 
thermodynamic and aerodynamic principles. 
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take-off performance of the piane at the highest 
_or the climb performance over the highest terrain 


ss specific route, dictates the weight and hence the 
gruciure. As the physical properties do not vary with air 
jensty, but rather with their own density, the specific 
structure is over-strength at altitude, all other factors being 
“0 it. However, this does not seem as severe as the 
arbitrary prohibition placed on the ggound-vehicle limiting 
3 rational economical weight or dimensional arrangement. 


Reciprocity would be a political solution but certainly not 
ngineering one. Therefore, until it arrives, one under- 
ads why the truck and bus designer is exploring other 
means to solve the perplexing problem. 

[In a recent paper presented by B. B. Bachman* he com- 
mented on a report of the National Interregional Highway 
Commission. This report carried a proposal for a post-war 
national road system which includes, among other items, 
the suggestion that all rural sections of the system shall be 


lesigned for a speed of 75 mph for passenger cars and 60 
mph for trucks and tractor combinations over flat topog- 
raphy. In more difficult and mountainous terrain the high- 


vay design shall contemplate lower speeds, but in no case 
less than 55 mph for passenger cars and 35 mph for com- 
rcial vehicles. 

\s the ability rating rules® indicate that the grades could 
be from 3% to 6%, and hill climbing speeds increased 
from 20 mph to 35 mph, then the solution for the com- 
mercial car designer must be to add considerable power 
ind/or reduce the vehicle payload. Surely he will not wish 
to do the latter so he may be attracted by the possibility of 
eduction in empty weight. 

[his was what confronted your author when he en 
leavored, with a semblance of rationality, to adapt certain 
irframe theory and practice to the structure of commercial 
vehicles. The idea was not new; the possibilities have been 
recognized by others before us, and certain automotive 
lesigners have applied aircraft materials and methods in 
varying degrees and with varying success. 

[he economics of combating performance restrictions 
should be evaluated. If a change is contemplated in the 
structure, no matter by what means or method, it must be 
justified. This limits the scope of possibilities, but surely 

most sensible reason for considering any part of a new 
structure would be to improve the operating per- 
formance economically. It is on this basis that the aircraft 
ngineer justifies the elaborate analyses and tests, the detail 
eflorts to design, and the relatively high cost per pound to 
build the structure. 


type of 


\n indication of the efforts to develop a light structure 
r to save a pound may be of interest. The complete stress 
analysis time on a 40,000-lb transport plane would be in 
the neighborhood of 40,000 hr, of which about 25% is 
levoted to the body and chassis. In addition to this, there 
ould well be spent some 30,000 hr of static testing, with 
bout 30% devoted to the body and landing gear. Recent 
amples of the efforts expended in a weight-saving cam 

gn on the body and chassis structure of a reasonably 
well-proportioned modern airframe show an average of 

hr of stress analysis and redesign per pound of struc 


ee SAE Transactions, Vol. 52, September, 1944, pp. 401-407 
k Design — Guesses on How It Will Develop,” by B. B. Bachman 


se SAE Journal, Vol. 46, January, 1940, pp. 11-15: “New Ability 
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tural weight eliminated. To be sure, the law of diminish- 
ing return works equally as well here. 


m= Medium-Duty Truck 


An analysis of the general subject of truck and bus 
design suggests that the aircraft-structures approach with 
the use of high strength-weight ratio materials cannot be 
applied equally to the various types of commercial vehicles. 
It is natural that your author, who, being unfamiliar and 
unsuspecting, should be attracted to the type of unit repre- 
sented by the greatest quantity production. A brief review 
of the design of a representative medium-duty truck was 
selected, disregarding the economics of the manufacturing 
and sales problems attached thereto. 

The apparent state of the design seemed to be expressed 
in a report® on commercial vehicle development from 
1921-1942. The plot, in Fig. 7, of chassis weight and gross 
vehicle weight per horsepower for medium trucks, is taken 
from this report. It was then replotted in Fig. 8, as chassis 
weight to gross weight assuming constant horsepower. 
This curve indicates that the chassis might have reached 
a point of excellency and leveled off. If this is the case, 
then with constant power and the same power-weight ratio 
for the mechanical parts, a weight reduction might reason- 
ably be made in the truck structure and metal parts. 

The bar chart in Fig. 9 shows the breakdown of weight 
for this typical truck. A weight reduction value of 15 % 
of the empty vehicle weight was established as a reasonable 
objective. Some approximations were made in an effort to 
determine if the truck could be reworked to this extent 
without redesigning on a completely new basis. In other 
words, could approximately 800 lb be eliminated through 
minor functional redesign and exchange of materials? On 


® See Commercial Car Journal, Vol 





65, March, 1943, pp. 45, 86, 88, 
90, 92, 94: “Commercial Vehicle Development, 1921-1942.” 
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a Fig. 9—Breakdown of empty vehicle weight for representative 
medium-duty trucks 
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« Fig. 10— Power required plotted against drag coefficient for 
representative 40,000-lb truck— frontal area: 96 in. wide x 150 in. 
high 


the basis of 15 hr of analysis and redesign for 1 lb saved, 
some 12,000 hr might well be required in working out this 
saving. If the pounds can be eliminated in the design 
before tooling it is reasonable to presume they are out for 
good. 

For the purpose of this study, it was assumed that 
aluminum alloy would be the basic material. The frame 
rails could be made of extrusions and formed sheet, the 
spring hangers of castings or forgings, wheels and rims of 
stampings, and the spare wheel holder and other bits and 
pieces, most assuredly of stamped sheets and castings. A 
group of parts called “set of sheet metal” was reviewed on 
the assumption that they could be treated as secondary 
structure and an exchange could be made on an equal 
deflection strength basis. 

The temptation was present to combine the cab and 
body, but advice dictated differently. Then, too, it is 
understood that this utility unit often has a body fitted 
that is incapable of carrying stress. So the cab was con 
sidered on a reasonable basis with material substitution and 
multiple use of structural members. Alcoa 52S alloy was 
considered for the cab shell. This material can be drawn 
reasonably well, in which process it cold works satistac 
torily. Furthermore, it could and should be spot-welded. 
About 30% of the existing cab weight could conceivably 
be eliminated. 

The body appeared to offer the best opportunity to put 
materials to work as a stressed shell. All surfaces and 
shapes except the door could be included in structure. A 
hasty analysis indicated that some 35 % of the weight could 
be removed. 

Out of all parts examined, it seemed entirely reasonable 
that the 800-lb reduction could be met, but to be sure, not 
without a price. These may be dangerous figures to toss 
around, but a few prognostications on the returns for 
weight saving seemed in order. For the sake of analysis, 
assume that the empty weight was reduced only half this 
amount. A cost figure to haul a pound has been quoted 
by some transportation analysts at $2.00 per 100,000 miles. 








To get some sort of an index, it is assumed that this 
medium duty-truck travels 50,000 miles per year. Thep 
reduction in operating cost over the year, due to the 400} 
lower empty weight, would be $400. If the statement® tha 
technological development has been influenced definitely 
by the truck operator’s desire for operating economy, rather 
than first cost, then the operator who carefully audits his 
books would conceivably pay for this lighter unit. Assum. 
ing that trucks of this type cost about the same per pound 
as butter, and that it costs twice as much per pound to 
make construction substitutions, then the 400-lb weight 
reduction might increase the vehicle cost about $40 
Obviously, this is a stand-off, and for many designers this 
would be considered an unwarranted change. 

A trucking association authority has stated that weight 
saving is important only in that one gains a higher ratio 
of payload to legal gross vehicle weight. Unfortunately, 
the truck operator cannot agree that the vehicle weight 
saved would be equivalent to increasing the revenue in 
like amount, although on a 100% load factor this could 
be true. Whether these examples and figures have offered 
any indication of what might be accomplished on this type 
of vehicle, is questionable, but possibly they will stimula 
discussion and further investigation on the part of the 
vehicle designer. 


m Heavy-Duty Units 


In the field of larger and heavier cargo-carrying equip 
ment, the tractor-trailer type of unit presents interesting 
possibilities. Probably the structural consideration should 
be narrowed down to the trailer alone, as the tractor has 
such a high density and limited structure. Even thoug! 
light-weight trailers have been built and justify further 
study, the fact should not be overlooked that to use aircraft 
type structure entirely, rather than a compromise resem 
bling a frame with a box mounted on it, the cost of the 
structure must be compensated by increased payload and 
operating efficiency. It seems improbable that the price oi 
the lighter unit can be competitive with typical designs as 
we know them today. 

Assuming the trailer as a shell to house a distributed 
cargo, and to be supported at three points, the monocoque, 
or stressed-skin design, appears quite reasonable. Drag, 
side wind force, and torsion, as well as bending and brak 
loads, could be taken out of the shell at the three reaction 
points. There should be no concern over the cut-out for 
the doors. The general shape of this unit appears to bi 
well adapted to the use of low-density material with the 
abolition of a frame and the application of locally attached 
independently mounted wheels employing aircraft-typ 
shock absorbers. 

The case of the heavy-duty truck as a 40,000 lb gvv 
single unit is not simple, but neither does it appear im] 
sible. Again, the conclusion of a novice points to unit-t) 
construction wherein every pound of material wor 
Assuming that the truck will be of standard dimensi 
to carry the cargo on an average density basis and that ' 
shape is not changed by the whims of special operat 
then and only then could it be possible to utilize, to | 
best advantage, the general form of aircraft-type structur 
Redesign to reduce empty weight without complete fu 
tional redesign does not appear attractive. 

The trends for hill climbing and level speed for th: 
heavy units were recalled and inserted into the tru 
ability rating formula. On a 6% grade at 20 mph, 
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‘ormula indicates 234 lb gyw can be moved per horse- 
oowe:. While at 35 mph, the figure drops to 134 lb, all 


ther factors remaining constant. Applying this to a 
yooco- lb truck with a 150-hp engine, it appears that the 
sross vehicle weight would be reduced in the neighborhood 
£ 15,000 lb by this new hill-climbing requirement. 

comes apparent that no amount of application of 
pe structures would materially recover this loss. 


\ he knowledge at hand for units of this size, it 
5 | unwise to make any structural weight reduction 


mations. The thought did occur, however, that if 
itemplates a complete redesign to gain the maxi- 
value from this newer type of structure and _ its 
sociated high-strength materials, the basic configuration 
ust be overhauled. This being the case, possibly the 

.Jynamic form could be given some consideration, and 
the added complication of this type of body could be 
justified by improved performance. 

Recalling the interesting work by James Zeder* on 
passenger-car-body drag, a few figures were selected to 
explore the effect of streamlining this type of truck to 
recover some of the lost weight, due to the anticipated 
higher grade speed. Fig. 10 represents the power require 
ments of a typical 40,000-lb van-type truck with varying 
form drag from flat plate to ideal airship form, for a 6% 
at 20 mph, then at 35 mph, and finally at 60 mph 
level driving. 


orade 


There is very littke comfort for the designer who is 
igreeable to considering the streamlined structure when 
proportioning the body and powerplant for the grade con- 
ition. Neither aircraft structures nor aerodynamics can 
contribute appreciably to the real controlling factor of 
restoring the payload lost by increasing the grade speed, 
because the structural portion of the gross weight and the 
1erodynamic portion of the climbing horsepower are both 
small compared to the total. 

\s one might expect, the shape becomes more important 
at higher speeds. Here the monocoque shell structure with 
smooth lines, front and rear, begins to make the possi 
bilities probabilities. However, the advantage of stream 
lining is only realized as an improvement in service and 
operating cost, by reducing the per cent of rated power for 
normal level driving. 


& Cross-Country Bus 


Probably, of all commercial ground vehicles, the cross 
country or inter-city bus presents the most opportunities. to 
explore the assigned subject. (The intra-city or transit bus 
performs quite a different function and operates in an 
entirely different environment than the sleek air-condi 
tioned, highway bus, and appears unlikely to offer similar 
opportunities.) A structure of the unit or stressed-shell 
type with a configuration that offers minimum drag is 
readily conceivable, and some worth-while efforts 
been made over the past years in a number of bus designs. 


have 


It is understood that frameless chassis of light alloys have 
een used extensively where the body is the main structural 
lement.2 Also, it has been noted that considerable care 

been exercised in locating doors and in reducing the 
f windows. These trends bear out the belief that this 
of transport vehicle lends itself readily to the funda- 
tal structural principles discussed earlier in the paper. 
fr a representative modern 37-40-seat bus, the structure 
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has been reported to be about 38% of the empty weight. 
It is of interest to note that the comparable body structure 
of a 21-24-passenger air transport is about 35%. Both 
designers, therefore, have available nearly equal structural 
percentages on which to apply their ingenuity. Another 
comparative value is that the weight of body structure 
(plus fixtures) per passenger, is very nearly the same: 183 
lb for the bus and 194 lb for the air transport 

Although the comparison is quite close, an academic 
study of the loads on and in the body of the two vehicles 
indicate that the airplane structure is being subjected to 
more severe forces than is its earthbound counterpart. 
Principal among these are the stabilizing and controlling 
tail loads which must be carried through the cantilever 
body structure, and the vertical acceleration of the tail as 
the tricycle-geared airplane lands and taxies. Therefore, 
the former structure is somewhat more efficient if com 
pared on a weight per passenger basis. This being the case, 
one would feel free to state that improvements to the bus 
are possible if airframe structural refinements and forms 
are further utilized. 

Certain designers have stated that the gage of the light 
alloys in buses is determined by stiffness and practical con 
siderations. If the true possibilities are to be explored, it 
would seem that local stiffening should be investigated in 
preference to increasing the gage. As for practical con 
siderations there may well be an educational program 
facing the bus builder. The aircraft structures engineer 
and his shop associates have gone through this, and what 
seemed impossibilities a few years ago are realities today, 
despite relatively inexperienced help. The only rule ever 


quoted for airframe sheet is that “oh-too 


thin.” 


gage 0.020 IS 


Hre 


m Passenger Cars 


The premise on which this subject was developed sub 
stantially ruled out the passenger car. Justification for the 
airplane designers philosophy is warranted by the eco 
nomic value of nonrevenue weight reduction. It has been 
said® that the passenger-car buyers in this country are not 
economically minded, at least in an engineering sense. On 
the assumption that this is the case, our subject, applied to 
motor cars, could then become very controversial, hence 
this form of vehicle is passed over lightly. 


w Conclusions 


1. The possibilities of aircraft-type structures are latent, 
but nevertheless existent, in commercial ground vehicles. 

2. The successful application depends as much on the 
urge and ingenuity of the engineer as it does upon having 
available ideal forms and materials. 

3. Airframe construction, as an art, is probably more a 
form of inspiration to the truck or bus engineer, than a 
tool to be used directly in his design. 

4. To be ahead of the times is to be misunderstood by 
the times and, therefore, the appreciation of light-weight 
structure must be developed cautiously, notwithstanding 
the fact that a pound of structural overweight is a pound 
of payload lost for the life of the vehicle. 
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HERE seems to be some mystery in the minds of most 

people surrounding the hydraulic transmission as used 
for motor vehicles. This is surprising, since a little reflec- 
tion on the subject will show that most of us have an 
inherent knowledge of hydraulics and we are continually 
using this knowledge in our daily life, even though we 
may not be able to quote the laws involved. Most of us 
can speak fairly correct English, but how many among us 
can recite the laws or rules of grammar? 


The purpose of this paper is an attempt to clarify this 

subject by simple explanations, and also to call attention 
to the various problems involved in adapting hydraulic 
transmissions to motor vehicles. It is felt that a lack of 
appreciation of the true problems involved has impeded 
the progress of hydraulic transmissions in the past. The 
hydraulic transmission must be considered as part of a 
vehicle driving system, and its characteristics developed to 
produce the best overall result in the vehicle. 
\ Transmissions only exist on motor vehicles due to the 
deficiencies of the engine itself. If the engine torque could 
meet the driving requirements under all conditions of 
operation there would be no need for a transmission. 
Therefore, the characteristics of the transmission should 
be governed entirely by the necessity of overcoming the 
various deficiencies of the engine in such a manner that 
the best overall performance of the vehicle results. 

When the best possible compromise has been made in 
tailoring the hydraulic transmission to the engine and 
vehicle it will be realized that further improvement can 
be made by the engine designer by modifying the engine 
performance to suit the hydraulic transmission.’ Part of 
the excellent performance of the Spitfire planes which saved 
England is undoubtedly due to the fact that the engine 
was designed to have a performance which is eminently 
suited to the characteristics of an airplane propeller. 

Eventually, in case the engine designer does not awake 
to his opportunity, instead of the transmission disappear- 
ing, it may take over the duties of the engine as well. This 
thought may not seem so far fetched when it is realized 
that there is a similarity between an internal-combustion 
turbine and a torque converter. The turbine can be de- 
signed to have an output torque curve similar to that of a 
torque converter. 


All of us know by experience that we can suck a soda 


[This paper was presented at the SAE National War Matériel 
Meeting, Detroit, June 5, 1944.] 
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through a straw, we have all watered a lawn with a garder 

hose, if the hose is too short we tilt the nozzle up to the 
best angle to reach the far corners of the lawn. If Junio; 
sneaks up behind our backs and turns the faucet half of, 
we know that it is reduced pressure at the nozzle tha 
causes the feeble stream. Our electrical friends are wel 
aware of this hydraulic knowledge of ours, since they % 
frequently use hydraulic analogies to explain electrica 
phenomena. 

The various explanations currently made of the actioi 
of hydraulic transmissions are either so complex and 
crammed with mathematical symbols that they fail « 
explain, or if simple, they are frequently incorrect. For 
example, in one explanation of the action of a hydraulic 
coupling it is claimed that at high rotative speeds the fluid 
in the coupling, by some mysterious process becomes solid 
and transmits the power due to its shear resistance. In our 
every day experience we all know that a fluid will solidify 
if the temperature is lowered enough to freeze the fluid, 
but none of us have encountered this solidification due to 
speed. If this action were a fact it would prove embar 
rassing to the passenger in an airliner, eating his meal at 
180 mph, for his coffee would solidify, this speed being 
equivalent to the peripheral speed of a 12-in. hydraulic 
coupling rotating at over 5000 turns per minute. 

The advocates of this peculiar solidification theory cite 
as proof the difficulty of cutting with a sword the stream 
of water issuing from a fire hose nozzle. Yet all of us 
know that if we were to ride alongside the hose in an 
automobile at the same speed as the water is flowing, we 
could then very easily cut the stream of water with the 
sword. We know that it is not solidification of the water 
that wrests the sword from our hands, it is the relativ 
speed of the water hitting the sword that accomplishes the 
result. This relative speed is an important point, and we 
are all well aware of it. Give Junior’s baby sister a baseball 
and let her throw it at Junior. He will scorn even to dodge 
the ball. But hand the same ball to Dizzy Dean, let him 
wind up properly and give his best to the ball. This time 
Junior will really dodge. Why? It is the same baseball 
baby sister threw, but with one difference, Dizzy has really 
given it relative velocity. 

If we travel along as fast as the water in the fire hose, 
then to us it has no relative velocity. 


You are familiar with the experiment of swinging 4 
bucket full of water in a circle. If we swing fast enough 
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the water stays in the bucket, even when the bucket is 
momentarily upside down. Now imagine a complete circle 
of buckets fastened by means of spokes to a shaft in bear- 
ings. Rotate the circle of buckets rapidly, and if the buckets 
are filled with water the water will remain in the buckets. 
What keeps the water in the buckets? We say centrifugal 
force, but to many of us that may be simply a term and 
not an explanation. 

Considering again our fire hose. If we hold up a board 
parallel to the stream of the water so that the water just 
touches and flows along the board, we can easily hold the 
board. But turn the board at an angle to the water, so that 
the board deflects the flow of the water. We readily recog- 
nize that we now have to use force to hold the board in 
position. We have to use force because we are changing 
the direction of flow of the water, we are changing its 
velocity. 

The boy who ties a weight to a string and swings the 
weight rapidly in a circle knows that if he lets go of the 
string, the weight will fly off in a straight line. He has 
applied force through the string to change continually the 
direction of the velocity of the weight, and when he ceases 
to apply this force, the direction of the velocity no longer 
changes, unless another force, such as gravity, is applied. 
The boy also knows that the faster he rotates the weight 
the greater the pull on the string. He is changing the 
velocity of the weight more rapidly, and therefore has to 
apply greater force. 

These simple examples with which we are all familiar, 
cover an explanation of the action of a hydraulic coupling. 

But getting back to the row of buckets which we left 
rotating about a shaft. Let us now slice these buckets in 
half at right angles to the axis, with an infinitely thin saw. 
If we now keep the two halves rotating, the water will 
remain in the buckets, because the saw we used was so 
thin. Now let us slow down slightly one set of bucket 
halves. This means less force and therefore less pressure 
exerted between the water and the bottoms of the “bucket 
halves in the slower system. Since the pressure of the 
water next to the bucket bottoms in the slower half is less 
han the similar pressure in the faster half, water will flow 
oss from the faster buckets to the slower buckets. 

\fter a small portion of water has thus flowed into the 
ver halves, they will be fuller than the faster half buck- 
's. Obviously water will then flow across at the tops of 
he buckets from the fuller into the emptier buckets. Thus 
* have established a circulation between the bucket halves. 
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SING analogies based on our everyday expe- 
rience with hydraulic phenomena, Mr. Deimel 
gives here a simple explanation of the operation 
of an increasingly important mechanism — the 
hydraulic transmission. 


The author then discusses the various problems 
involved in adopting hydraulic transmissions — 
both the hydraulic coupling and the torque con- 
verter — to motor vehicles; for best performance 
can be obtained only if the transmission is 
tailored to the engine and the conditions under 
which the vehicle operates. 


Finally, he describes a special arrangement 
for testing hydraulic transmissions, because the 
accuracy required is much higher than that 
needed in testing engines. 


THE AUTHOR: A. H. DEIMEL (M ‘'20) has been an 
engineer in the Transmission Division of Spicer Mfg. Co. 
since 1929, devoting most of his time on hydraulic trans 
mission development. He spent pre-World War I years in 
England, attending Kings College, the University of London, 
and working on steam turbines at Willans & Robinson. He 
returned to this country in 1916 to test Hispano Suiza 
aircraft engines at the Wright-Martin Aircraft Co. Before 
joining Spicer, he designed engines and railcars at Buda Co. 
for seven years. 








As the water leaves the faster buckets it has the same 
speed as the faster buckets. Therefore, it have 
velocity relative to the slower buckets. The water strikes 
the sides of the slower buckets, is slowed down and turned 
to flow towards the top of the buckets where it flows 
across into the faster buckets. Again it has relative ve- 
locity to the faster buckets. Thus the sides of the faster 
buckets strike the water and speed it up. 


must 


Thus we have the water from the faster buckets striking 
the sides of the slower buckets and exerting a force on the 
buckets, because the water is slowed up. Furthermore, we 
have the water from the slower buckets flowing across into 
the faster buckets, being struck by the sides of the faster 
buckets and speeded up, a force therefore being exerted by 
the faster buckets on the water. 

Thus, the water is flowing in two paths at the same time. 
It is flowing in a circle parallel to the shaft to which the 
buckets are fastened, and it is also flowing in a circle 
around the shaft, due to the rotation of the buckets. Ac- 
tually, it flows in a spiral bent around the shaft, just as 
though we took a coil spring and wound it in a circle 
around the shaft. 

If we now rotate the shaft fastened to the faster ha! 
set of buckets alone, the slower half will follow along. It 
will be driven by the water striking the sides of the slower 
bucket halves and having its velocity changed. If we put a 
brake on the slower half, this half will slow down. The 
water leaving the faster half will have greater relative 
velocity and greater force will be exerted on the s'ower 
half. If we apply still more load on the slower ‘ialf it 





will slow down still more, the water will have still greater 
relative velocity, and the force causing the slower half to 


rotate will be increased. Finally, if the load we apply is 
sufficiently great, the slower half will stop or stall. Under 
this condition the relative velocity between the water and 
the slower half will be at a maximum, and the greatest 
force will be exerted to turn the slower half. 

Thus, the greater the difference in speed between the 
two halves the greater the force on the slower or driven 
half. If we release the brake on the driven half entirely 
it will speed up and approach the speed of the driving half. 
When the slow half almost catches up to the fast half the 
force produced is just enough to overcome the slight bear 
ing friction on the shaft, and the system will continue to 
rotate at this speed. It is obvious that the slow system 
cannot quite catch up to the fast system of bu 
because if it did there would be no force to ca 
water from the one set of halves to the other, a 
flow of water there is no force to drive the d 
bucket halves. 

Let us now examine the driving set of bu 
The greater the difference of speed between the 
and the driven set, the greater will be the relat 
between the water (leaving the slower bucket 
faster buckets. Therefore the greater will b 
between the driving buckets and the enterin; 
speed the water up. 

To rotate the driving member we have exe 
on a crank arm, in other words a certain to: 
torque is just enough to take the water flowing 
speed from the slower system and speed it 
leaves with the velocity of the faster system. S 
output system takes the same quantity of water 
the same change in velocity but in the opposit 
- since now the water is slowed up. Thus, the 
erted by the driving system on the water is 
same in amount as the torque exerted by the w 
driven system. But the power or work on t’ 
tems is not equal. The driving system is rot: 
therefore, the torque will be exerted througt 
distance, and the work done on the driving s 
greater than the work done by the driven sy 
difference in work will be turned into heat anc 
the temperature of the water and the buckets t 

If the load on the output or driven member i 
until finally it becomes so great that the drivén member 
stops, then the driven member does no work, since it merely 
exerts a stationary torque, and all the power applied to 
the system goes to waste as heat. 

If we examine a commercial hydraulic coupling we note 
that one half member has been continued over the other 
to form a complete enclosing shell. The construction is 
simplified by forming two half shells and welding, or 
otherwise fastening in, blades to produce the series of 
pockets ‘which we formed with our half buckets. The 
number of pockets in one half is made slightly different 
from the number in the other half to prevent periodic vi 
brations due to all the bucket edges or vanes matching up 
at the same time. The coupling is fitted with a filling 
plug so located that the coupling cannot be completely 
filled, some space being necessarily left for air, providing 
rocm for expansion as the coupling warms up. But we 
have no difficulty in recognizing the parts of the coupling 
from our own home-made sample. 


We saw that with our coupling the input torque ag; 
the output torque are always equal, and that the outpy 
speed is always less than the input speed. The greater thy 
load on the output for a given speed the greater is th 
difference in speed. Since the torques are equal the |og 
in speed across the coupling represents a loss in power, 

Thus, we always have a loss in power across the coupling 
The lighter the load and the higher the speed the |e 
will be the loss. 

We all know the action of a lever, by means of whic 
a small force, acting through a greater distance, equals ; 
larger force acting through a smaller distance. The actual 
work done is the same, the products of weight and dis 
tance are equal. Those who heard Earle Buckingham 
paper on gears some months ago will recollect the anoying 
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lets the engine speed up until the engine can develop good 
torque. If, instead of starting in high gear, second is ef 
gaged before starting the car, then the getaway is much 
faster. The torque of the engine, after passing through 
the coupling, is increased by the gears in the transmission 
or gear box. The gear box has acted as a continuous lever, 
the engine torque being increased, but at a sacrifice in 
speed. 

The lever required a fulcrum to increase the force 
Similarly the transmission requires a fulcrum, in this case 
the countershaft of the transmission, held in the case, acts 
as the fulcrum. If the case were not fastened to the en 
gine, and thereby to the frame of the car, it would simply 
rotate and the car would stand still. If the fulcrum 0! 
the lever is not held it will simply move and the weight 
to be lifted will not move. 

Now comes the $64 question: Why not put a fulcrum 
inside the hydraulic coupling and make it produce an it 
crease in torque. 
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We can indeed do this and then we produce a different 


echanism from our coupling, we have a torque converter. 
Let us bring out our simple bucket coupling, set it to 
rotating, bend up a piece of metal and hold it in between 
the slow buckets and the fast ones. Let the metal be 
shaped so that the water leaving the slow buckets flows 
along the piece of metal. Then let us curve the metal so 
that the water is turned in the direction of rotation of the 
buckets. Thus, the water entering the faster buckets will 


have less relative speed to the buckets than it did before. 
e, less force will be required on the driving shaft 
| the water up to the same velocity on leaving the 
buckets as before. So far as the output is concerned, how- 
ever, conditions are not changed, the water is still entering 


and leaving with the same velocity as before. Thus, the 
i. § 
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to get the proper change of velocity, and therefore proper 
increase in torque, that we are striving for. We must care 
fully shape our pump blades to produce an efficient pump. 
We must also carefully shape our output or turbine blades 

0 prevent losses and reduce the ow. For the same reason 
the surfaces contacting the fluid must be smooth and 
properly formed to prevent losses by friction or eddies, and 
0 on 

This careful shaping and smoothness was not necessary 
vith the hydraulic coupling. If we lost fow due to rough- 
ness or poor shape, and the like, we lost a little torque- 
transmitting ability for a given speed, but it was only 
necessary to increase the size of the whole unit slightly to 
ompensate for the loss in torque-transmitting ability, espe- 
since the torque-transmitting ability increases as the 
ower of the size. 


torque converter was invented by Herrmann Fot- 


‘inger in Germany some thirty-five years ago. He com- 
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bined a centrifugal pump and a turbine in a common case 
in order to provide a reduction gear for marine use be- 
tween a high-speed steam turbine and a low-speed propeller. 
His units were built in large size, around 10,000 hp and 
were designed to run at a speed reduction of about five to 


one. By utilizing the heat produced to heat the boiler 
feed water he was able to obtain high overall efficiency, 
nearly 90%. Eventually, the torque converters were dis- 
placed by gear reduction boxes, since the requirement was 
simply a reduction arrangement, rather than a variable- 
speed ratio device. 

Alf Lysholm in Sweden designed a modification of the 
Fottinger torque converter suitable for use in buses, the 
blade system being designed to give a wide range of vari 
able-speed drive under ratios suitable for the purpose. The 
unit wae enninned with a snap-over double clutch to pro 

the converter in one position, and a 
ins Of a through shaft in the other 
Aotors, Ltd., largest bus manufacturer 
interested in the device, spending sev 
g it further, with the result that in 
production on the device. 

ne of Leyland’s first production con 

was installed in a truck chassis in 

o and gross weight were changed to 
s. This unit was tested in 1934 under 
including hill climbing on Uniontown 
sult of these tests it was felt that the 
mise, but would require considerable 
it was suitable for use in this country. 
n was laid out and a sample built and 
engine bus furnished for the purpose 
& Coach Mfg. Co. After satisfactory 
g ground, this vehicle and a duplicate 
ual service in New York and Chicago. 
ty to modify the unit to handle the 
; in use without increasing the size of 
space available was limited by the width 
Vhen blade modificatioris suggested by 
ove successful we, at Spicer, undertook 
esulted im the Spicer torque converter, 
1 active production since 1938, several 
een built and installed in Yellow Coach 
service in all parts of the country. 
lescribed by Col. Green in 1938.) 

_ g we have been occupied in adapting the 
torque converter for use in various types of military vehi- 
cles, which work has required continuous development and 
improvement in the device. For obvious reasons we are 
not able at the present time to disclose these designs. How- 
ever, whereas in the past the use of the torque converter 
was limited to buses or vehicles in which the range pro 
vided by converter and direct was sufficient, this limitation 
will not exist in the future, as our modifications so extend 
the range of the device that it can be used in trucks as well. 

The Spicer hydraulic torque converter consists essentially 
of two moving parts enclosed in a stationary case. 
1. A centrifugal pump of high efficiency, which is driven 
by the engine. 
A three-stage turbine acting as the driven member 
and forming the output. 
3. A case surrounding the pump and turbine to contain 


1938, PP. 
Green. 


1 See Bus Transportation, Vol. 17, September, 448,\.448D 
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will slow down still more, the water will have sull greater 
relative velocity, and the force causing the slower half to 
rotate will be increased. Finally, if the load we apply is 
sufficiently great, the slower half will stop or stall. Under 
this condition the relative velocity between the water and 
the slower half will be at a maximum, and the greatest 
force will be exerted to turn the slower half. 

Thus, the greater the difference in speed between the 
two halves the greater the force on the slower or driven 
halt. If we release the brake on the driven half entirely 
it will speed up and approach the speed of the driving half. 
When the slow half almost catches up to the fast half the 
force produced is just enough to overcome the slight bear- 
ing friction on the shaft, and the system will continue to 
rotate at this speed. It is obvious that the slow system 
cannot quite catch up to the fast system of bucket halves, 
because if it did there would be no force to cause flow of 
water from the one set of halves to the other, and with no 
flow of water there is no force to drive the driven set of 
bucket halves. 

Let us now examine the driving set of bucket halves. 
The greater the difference of speed between the driving set 
and the driven set, the greater will be the relative velocity 
between the water (leaving the slower buckets) and the 
faster buckets. Therefore the greater will be the force 
between the driving buckets and the entering water, to 
speed the water up. 

To rotate the driving member we have exerted a force 
on a crank arm, in other words a certain torque. This 
torque is just enough to take the water flowing at lowered 
speed from the slower system and speed it up until it 
leaves with the velocity of the faster system. Similarly the 
output system takes the same quantity of water and makes 
the same change in velocity but in the opposite direction, 

- since now the water is slowed up. Thus, the torque ex 
erted by the driving system on the water is exactly the 
same in amount as the torque exerted by the water on the 
driven system. But the power or work on the two sys- 
tems is not equal. The driving system is rotating faster, 
therefore, the torque will be exerted through a greater 
distance, and the work done on the driving side will be 
greater than the work done by the driven system. The 
difference in work will be turned into heat and will cause 
the temperature of the water and the buckets to rise. 


If the load on the output or driven member is increased, 
until finally it becomes so great that the driven member 
stops, then the driven member does no work, since it merely 
exerts a stationary torque, and all the power applied to 
the system goes to waste as heat. 

If we examine a commercial hydraulic coupling we note 
that one half member has been continued over the other 
to form a complete enclosing shell. The construction is 
simplified by forming two half shells and welding, or 
otherwise fastening in, blades to produce the series of 
pockets which we formed with our half buckets. The 
number of pockets in one half is made slightly different 
from the number in the other half to prevent periodic vi 
brations due to all the bucket edges or vanes matching up 
at the same time. The coupling is fitted with a filling 
plug so located that the coupling cannot be completely 
filled, some space being necessarily left for air, providing 
rocm for expansion as the coupling warms up. But we 
have no difficulty in recognizing the parts of the coupling 
from our own home-made sample. 


crease in torque. 


We saw that with our coupling the input torque agi 
the output torque are always equal, and that the outpy 
speed is always less than the input speed. The greater ty 
load on the output for a given speed the greater is th 
difference in speed. Since the torques are equal the los 
in speed across the coupling represents a loss in power, 








Thus, we always have a loss in power across the coupling 
The lighter the load and the higher the speed the |e 
will be the loss. 

We all know the action of a lever, by means of whic 
a small force, acting through a greater distance, equals ; 
larger force acting through a smaller distance. The actu, 
work done is the same, the products of weight and dis 
tance are equal. Those who heard Earle Buckingham’ 
paper on gears some months ago will recollect the moving 
pictures he showed which brought out very clearly the 
similarity between gearing and levers. 










With a lever, by means of a reduction in travel or speed 
we produce an increase in force or torque. Any increase ip 
torque must be accomplished by a reduction in speed. This 
is an important point about which there is much confusion, 
as many people assume that if this is true then the con. 
verse is also true. They assume that a reduction in speed 
must produce an increase in torque. A reduction in speed 
may produce an increase in torque but it does not neces 
sarily do so. If the reduction in speed is simply due to 
slip, no increase in torque is produced. 

A slipping clutch does not produce an increase in torque 
It is true that a car about to stall in high gear on a hill 
may climb the hill if the clutch is slipped, but the extr 
torque which permits the car to climb the hill is not pro 
duced by the slipping clutch itself, the slipping clutch per- 
mits the engine to run at a higher speed, where the engine 
can produce more torque, it being unfortunately true of 


the automobile engine that its torque falls off rapidly a 
slow speeds. 





































As we have seen, a hydraulic coupling produces no in 
crease in torque, it is merely a slipping clutch, but a beau 
tifully smooth slipping clutch, and one which can with 
stand an amount of slipping which would destroy a me 
chanical clutch by heat. 

Those who have driven a car equipped with a hydraulic 
coupling know that they can start the car from rest in 
high gear, even on a reasonable grade. It does not get 
away very fast, but it does start, and smoothly too. Th: 
action is the same as the slipping clutch on the hill. | 
lets the engine speed up until the engine can develop good 
torque. If, instead of starting in high gear, second is en 
gaged before starting the car, then the getaway is much 
faster. The torque of the engine, after passing through 
the coupling, is increased by the gears in the transmission 
or gear box. The gear box has acted as a continuous lever, 
the engine torque being increased, but at a sacrifice in 
speed. 

The lever required a fulcrum to increase the force. 
Similarly the transmission requires a fulcrum, in this case 
the countershaft of the transmission, held in the case, acts 
as the fulcrum. If the case were not fastened to the en 
gine, and thereby to the frame of the car, it would simply 
rotate and the car would stand still. If the fulcrum of 
the lever is not held it will simply move and the weight 
to be lifted will not move. 

Now comes the $64 question: Why not put a fulcrum 
inside the hydraulic coupling and make it produce an in- 
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We can indeed do this and then we produce a different 
mechanism from our coupling, we have a torque converter. 

Let us bring out our simple bucket coupling, set it to 
rotating, bend up a piece of metal and hold it in between 
the slow buckets and the fast ones. Let the metal be 
shaped so that the water leaving the slow buckets flows 
along the piece of metal. Then let us curve the metal so 
that the water is turned in the direction of rotation of the 
buckets. Thus, the water entering the faster buckets will! 
less relative speed to the buckets than it did before. 
Therefore, less force will be required on the driving shaft 
| the water up to the same velocity on leaving the 
is before. So far as the output is concerned, how- 
ever, conditions are not changed, the water is still entering 
ind leaving with the same velocity as before. Thus, the 

put torque will now be less than the output torque, and 

» have a torque converter. Naturally instead of just 

- piece of bent metal we will need a series of bent pieces 
of metal, all fastened together in a ring, and most impor- 
tant, the ring must be supported from the outside. This 
® ring is the fulcrum point, and since it changes the velocity 
of the water, a force must be exerted on it by the water. 
Just as with the lever, the fulcrum must be supported. If 
we attempt to support the ring or fulcrum from the output, 
or slower ring of buckets, then this same force or torque is 
subtracted from the output and we are back where we 
were before, we still have a hydraulic coupling, with input 
torque equal to output torque and our torque converter 
p has disappeared. 


have 


to spec 


DUCK 


Just as with the crude hydraulic coupling we can pro- 
eed to refine our torque converter. We can split up the 
lriven buckets into sections and interpose rings of sta- 
tionary blades, making a multistage converter. We can 
educe the size of our driving section with relation to the 
riven section and produce greater increase of torque. We 
can turn our driving section into a high-efficiency cen- 
trifugal pump, mounting the whole converter in a sta- 
tionary casing, which can support the ring or rings of 
stationary blades, which form our fulcrum point. But if 
we do this, then we must add a small pump or other ar 
rangement to keep the whole system under pressure and 
thereby prevent cavitation and losses. This was not neces- 
sary in the coupling, since there we had the whole system 
rotating and, therefore, centrifugal force kept the fluid 
solid. 

We must carefully shape our fulcrum or reaction blades 
to get the proper change of velocity, and therefore proper 
increase in torque, that we are striving for. We must care 
fully shape our pump blades to produce an efficient pump. 
We must also carefully shape our output or turbine blades 
to prevent losses and reduce the flow. For the same reason 
the surfaces contacting the fluid must be smooth and 


properly formed to prevent losses by friction or eddies, and 
sO On. 


This careful shaping and smoothness was not necessary 
with the hydraulic coupling. If we lost flow due to rough- 
ness Or poor shape, and the like, we lost a little torque- 
transmitting ability for a given speed, but it was only 
necessary to increase the size of the whole unit slightly to 
compensate for the loss in torque-transmitting ability, espe- 


erie 


since the torque-transmitting ability increases as the 
power of the size. 


Tl . o 
ie torque converter was invented by Herrmann Fot- 
tinger in Germany some thirty-five years ago. He com- 
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bined a centrifugal pump and a turbine in a common case 
in order to provide a reduction gear for marine use be- 
tween a high-speed steam turbine and a low-speed propeller. 
His units were built in large size, around 10,000 hp and 
were designed to run at a speed reduction of about five to 
one. By utilizing the heat produced to heat the boiler 
feed water he was able to obtain high overall efficiency, 
nearly 90%. Eventually, the torque converters were dis- 
placed by gear reduction boxes, since the requirement was 
simply a reduction arrangement, rather than a variable- 
speed ratio device. 

Alf Lysholm in Sweden designed a modification of the 
Fottinger torque converter suitable for use in buses, the 
blade system being designed to give a wide range of vari 
able-speed drive under ratios suitable for the purpose. The 
unit was equipped with a snap-over double clutch to pro 
vide drive through the converter in one position, and a 
direct drive by means of a through shaft in the other 
position. Leyland Motors, Ltd., largest bus manufacturer 
in England, became interested in the device, spending sev 
eral years developing it further, with the result that in 
1933 they went into production on the device. 

Spicer obtained one of Leyland’s first production con- 
verters in 1933. It was installed in a truck chassis in 
which the axle ratio and gross weight were changed to 
equal bus conditions. This unit was tested in 1934 under 
various conditions, including hill climbing on Uniontown 
Hill, Pa. As a result of these tests it was felt that the 
device showed promise, but would require considerable 
modification before it was suitable for use in this country. 

A modified design was laid out and a sample built and 
installed in a rear-engine bus furnished for the purpose 
by Yellow Truck & Coach Mfg. Co. After satisfactory 
tests on the proving ground, this vehicle and a duplicate 
were placed in actual service in New York and Chicago. 
It became necessary to modify the unit to handle the 
largest bus engines in use without increasing the size of 
the unit, since the space available was limited by the width 
of the vehicle. When blade modificatioris suggested by 
Europe did not prove successful we, at Spicer, undertook 
this task, which resulted in the Spicer torque converter, 
which has been in active production since 1938, several 
thousand having been built and installed in Yellow Coach 
buses which are in service in all parts of the country. 

This unit was described by Coi. Green in 1938.7 

For several years we have been occupied in adapting the 
torque converter for use in various types of military vehi- 
cles, which work has required continuous development and 
improvement in the device. For obvious reasons we are 
not able at the present time to disclose these designs. How- 
ever, whereas in the past the use of the torque converter 
was limited to buses or vehicles in which the range pro- 
vided by converter and direct was sufficient, this limitation 
will not exist in the future, as our modifications so extend 
the range of the device that it can be used in trucks as well. 

The Spicer hydraulic torque converter consists essentially 
of two moving parts enclosed in a stationary case. 

1. A centrifugal pump of high efficiency, which is driven 
by the engine. 

2. A three-stage turbine acting as the driven member 
and forming the output. 

3. A case surrounding the pump and turbine to contain 


1See Bus Transportation, Vol. 17, September, 1938, pp. 448..448D 
“Yellow’s New Hydraulic Drive,”” by George A. Green. 











the working fluid and carrying the stationary reaction or 
fulcrum blades. 

The blades themselves are made of streamline shape 
similar to an airplane wing cross-section, the whole section 
being curved to change the direction of the fluid flowing 
past the blades. 

The engine rotates the pump and thereby causes fluid 
to flow through the turbine blading, causing the turbine 
to rotate and drive the vehicle. After leaving the turbine 
blading the fluid next flows through the stationary blading, 
which corrects the direction of flow, thereby causing a re- 
action which gives the increase in torque. For best results, 
the turbine blading is divided into three steps or stages, 
each stage taking a “bite” at the fluid, the flow being re- 
directed by suitable stationary reaction blades before enter 
ing the next turbine stage. After leaving the third stage of 
turbine blading the fluid once more enters the pump and is 
recirculated. Either an injector or else a small gear pump 
is connected to the converter case and keeps the case full 
of fluid and under some pressure to keep the fluid solid 
and prevent losses due to cavitation. 

The converter as built has a maximum torque ratio of 
approximately 5 to 1, which occurs at stall, when the out- 
put member is held stationary. As the load permits this 
output member to turn, the torque ratio gradually de- 
creases with speed ratio between input and output mem 
bers. At the same time the losses in the system, gradually 
decrease until at a speed ratio of approximately 2 to 1 the 
losses reach a minimum. These losses are taken care of by 
means of a cooler, a portion of the fluid circulating through 
the converter being bypassed through the cooler. 

With further decrease in speed ratio across the unit the 
losses again start to rise. If the speed ratio is decreased 
until the output shaft speed approaches that of input the 
losses would become too large. To prevent these high 
‘losses the Spicer converters are provided with an automatic 
direct drive. When the output shaft speed becomes ap- 
proximately 2/3 to *%4 the speed of the input shaft, the 
hydraulic system itself is brought to rest and the drive is 
taken up by a shaft passing through the center of the 
hydraulic system. With this straight-through shaft drive, 
with the hydraulic system at rest, there are, of course, no 
losses, and maximum vehicle speed can be obtained. 


This 


direct-drive feature is important for maximum 
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m Fig. |— Performance comparison between variable-speed con- 
verter and constant-speed converter 





vehicle pertormance. It will be readily realized that may). 
mum grade ability depends on total reduction in converte; 
and gearing. Losses can be compensated for by furthe; 
gear reduction for extreme grade conditions. Even with, 
small engine the steepest grade can be climbed if sufficien 
gear reduction is provided. 

For maximum vehicle speed, however, there is no pos. 
sible compensation for losses, the maximum possible horse. 
power must be delivered to wheels or tracks. Therefore 
for maximum vehicle speed with any given engine the 
power transmission losses must be at a minimum. It js fo, 
this reason that Spicer converter designs use the direc, 
drive by means of a through shaft with no losses in order 
to obtain maximum vehicle speed. Any combination of 
gearing with the converter itself will not permit maximum 
speed performance unless an oversize engine is used and 
fuel economy performance greatly sacrificed. 


= Slip 


The term slip is sometimes used in connection with 
torque converters, but this term is incorrect and will give 
rise to misunderstandings. 

In a friction clutch or hydraulic coupling the term sli 
applied to the loss in speed is correct, as the slip here repre 
sents pure loss. 

In a torque converter as in a transmission with a reduc 
tion in speed we obtain an increase in torque, the increase 
in torque in both cases amounting to the reduction ratio 
minus the friction loss. 


For example, in a gear box with 2 to 1 gear ratio an 
95% efficiency the torque increase would be 1.9 to 1. Ina 
converter at 2 to 1 speed reduction with 85% efficiency 
the torque increase would be 1.7 to 1. In a clutch or 
coupling running at 2 to 1 speed ratio there is no torque 
increase and the power loss or slip is the same as the loss 
in speed, 50%. 


= Adapting Torque Converter to Engine 


At first thought it would seem advisable to arrange the 
characteristics of the torque converter so that the engine 
would operate at its maximum speed at all vehicle speeds 
for maximum performance, since the engine develops its 
maximum horsepower at its maximum speed. A great deal 
of thought and effort has been expended by various work 
ers towards this end, but a little study will show that this 
aim is a false goal and does not result in optimum per 
formance. 

If the torque converter had no losses and operated under 
all conditions at 100% efficiency this practice would result 
in the maximum output. However, this is not the case 
and, therefore, some analysis is required in order to de 
termine the best overall compromise. 


At stall, with the vehicle stationary, the torque multipli 
cation of the converter is at its peak. Therefore, the out 
put torque will be a maximum if the input torque is 4 
maximum. Obviously the converter at stall should, there 
fore, hold the engine to the speed at which it develops its 
maximum torque. At this speed the engine usually de 
velops about two-thirds of its maximum power. Since at 
stall the total power applied to the torque converter 1 
turned into heat, this means that not only will more output 
torque be produced by holding the engine down to its 
speed of maximum torque, but the heat losses to the cooler 
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be considerably reduced. At the same time the 
sumed by the engine will be reduced, due to the 

peed. 
“ vehicle starts to move, the speed ratio across the 
-r changes. As this ratio increases, the efficiency 
converter increases accordingly. If we prevent the 
‘rom accelerating, the speed ratio, and with it the 
y, rises very rapidly. Once the peak efficiency has 
ached, which occurs when the output shaft is run- 
half the speed of the input shaft, further increase 
ed ratio results in reduced efficiency. However, if, 
from this point on, we accelerate the engine with the 
vehicle, the speed ratio remains fixed and, therefore, all 
this operation is at peak efficiency. Ass the engine ap- 
proaches its peak speed we should hold it back and permit 
the output to speed up alone, the efficiency and torque ratio 
S dropping off. When the torque ratio approaches unity 
there is then no gain from operation through the torque 
converter, and the shift should be made automatically to a 
direct drive with no losses, the hydraulic unit coming to 

The above arrangement of converter characteristics will 
result in maximum performance for a minimum consump- 
tion of fuel, but the acceleration of the vehicle may not be 
1 maximum under all conditions, since if at the start the 
speed ratio, and with it the efficiency, is brought up too 
rapidly, the torque ratio may decrease too rapidly. There- 
fore, for best results, instead of holding the engine speed 
stationary at the start until peak efficiency is reached, the 
ngine should be allowed to accelerate somewhat in order 
to produce the best compromise. 

lo bring this out more clearly let us assume two imag 

converters of the same efficiency curve, the first one 
holding the engine speed constant, whereas the second one 
llows the engine to accelerate with the vehicle. 
plotted to show the results obtained. 

The average engine speed is the same for both units, 
namely 1750 rpm, therefore, the average power produced 
by the engine is the same. The efficiency depends on the 
ratio of engine speed to output speed. The efficiency curve 
tor the constant-speed engine rises slowly to a peak and 
then falls off rapidly, whereas with the variable-speed en 
gine the efficiency rises rapidly and remains near the peak 
over a long range. 

The 


Fig. 1 is 


respective losses to the cooler are plotted as per 
centages of maximum horsepower, showing the far greater 
‘oss with the constant-speed unit. The horsepower de 
vered to output is also shown, and again the performance 
» very much in favor of the variable-speed unit. 


For the best compromise of fuel economy with maxi- 


particular engine should also be considered in determining 
the most desirable converter characteristics. 
the general vehicle specifications, such as gross load, type of 
operation, whether continuous start and stop or reasonably 


steady running, grades to be encountered, axle ratio, and 


Furthermore, 


ire 


size should also be taken into account. 

In thus bringing out the necessity for tailoring the con- 
verter to suit the engine and vehicle operating conditions 
‘he point has been raised in the past, what will happen 

n the engine loses its “tune” and no longer performs 
ts best? The problem is similar to carbureting an en- 
gine. If the carburetor is carefully chosen to suit the engine, 
the engine will still perform better when in poor 
than it would otherwise, bearing in mind, of course, 
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that if the engine is not at its best the vehicle performance 
will also not be at its peak. 

We can easily see the hydraulic designer’s point of view 
and the reason for the emphasis given by him to the ef- 
ficiency curve, since if he produced a torque converter with 
100% efficiency, then these compromises would not be 
necessary. 

These words should not be misconstrued as attempting 
to belittle any efforts to improve the efficiency of a torque 
converter, but care should be taken to improve the actual 
operating efficiency in the vehicle. 

Possibly, the undue importance given the efficiency of 
a torque converter may be due to the fact that the term is 
not fully understood in the sense that it is applied to a 
torque converter. The efficiency is the ratio of output 
power to input power, or the torque increase obtained for 
a given speed reduction. But the torque converter, as its 
name implies, is a multiplier of torque. Its maximum 
torque multiplication occurs when the speed ratio and also 
the efficiency are at zero. Therefore, it is most efficient as 
a torque multiplier when its efficiency is zero. Evidently 
the efficiency curve does not tell the whole story. 

An interesting example came to our attention some time 
ago. On a certain December day a number of American 
ships were capsized or sunk. It became necessary to right 
the capsized ships as rapidly as possible. A large number 
of cables were attached to the ships, the cables being pulled 
by winches just exactly as the wrecker car rolls the cap 
sized automobile out of a ditch. It was necessary to main 
tain a heavy pull on each cable, taking in a few inches of 
slack at a time, as the ships came over. 

No ordinary clutch could have operated the winches, as 
the clutches would have rapidly burned up. The drive to 
each winch was taken through a torque converter built by 
our co-licensees, the Twin Disc Clutch Co. These con 
verters operated almost continuously at stall or zero ef- 
ficiency, and yet they did their job. Was this actually zero 
efficiency? 

Again, let us consider two vehicles standing on a steep 
grade without the brakes applied. Both are equipped with 
torque converters and are held on the hill by running the 
engine. Both vehicles are identical, but one converter only 
requires the engine to run at two-thirds the throttle open- 
ing of the second vehicle, since the one torque converter 
has a greater stall torque ratio than the other. Both con- 
verters have zero efficiency and yet one is much more 
efficient than the other if efficiency is measured in the fuel 
tank, as gallons of fuel used for the same performance. 

This last measure is the true efficiency of any torque 
converter, the fuel consumed for a given overall perform- 
ance. 


@ Hydraulic Coupling 


One feature of the mechanical transmission which has 
been the source of considerable trouble and short life, espe- 
cially in heavy-duty, start-and-stop service, is the friction 
clutch. Therefore, one leading advantage of hydraulic 
transmissions is that a friction clutch is not required to 
start the vehicle. The hydraulic unit acts as an exceedingly 
smooth-slipping clutch, which will stand without damage 
an enormous amount of slipping, as compared to the fric- 
tion clutch. Furthermore, no skill or effort is required 
on the part of the operator to produce this smooth start. 

The hydraulic coupling produces this same smooth start 
































a Fig. 2—Variation of torque with input or engine speed for large 
and small coupling 


as well as the torque converter, but the simplicity of the 
coupling is offset by the fact that no torque increase is 
produced, and the coupling therefore requires a transmis- 
sion with several ratios to meet the varying conditions of 
operation. Since one reason for the use of a hydraulic 
coupling is to overcome the short life of a friction clutch 
in heavy-duty service, it does not seem logical to substitute 
the coupling for a friction clutch and then use a number 
of friction clutches in the transmission behind the coupling, 
which clutches must necessarily be smaller, and yet subject 
te larger torque, than the main clutch. 

With this thought in mind the Spicer Fluidgear trans- 
mission was designed. This consists of a hydraulic coupling 
followed by a power-shifted transmission, equipped with 
synchrolock jaw clutches. This transmission is controlled 
by means of an air valve at the steering wheel, and has 
been described by Charles O. Guernsey.? 

This transmission was next simplified, strange as it may 
sound, by making it automatic. One air cylinder was 
eliminated, a lever was provided which mechanically put 
the transmission in forward or reverse gear, when the 
vehicle can be started by the throttle pedal. When in for- 
ward gear the drive is in low-speed ratio. 

When the vehicle reaches a certain speed an electric 
governor sets up a circuit. At any time after this circuit 
is set up, closing the throttle completes the circuit and 
the shift is automatically made to second gear. When a 
predetermined speed is reached in second gear a second cir 
cuit is set up. Closing the throttle again completes this 
circuit and the shift is automatically made to high gear. 
Thus the transmission is a controlled automatic. It will 
not shift up or down until suitable vehicle speeds are 
reached, and it will not shift until the operator desires it 
to shift, and so indicates by closing the throttle. 

With the torque converter this type of shift would not 
be satisfactory, when the torque converter passes beyond a 
certain speed ratio the efficiency drops off and the shift 
must, therefore, be made automatically, and not left to the 


discretion of the operator, or heat and poor fuel economy 
will result. 





*See Bus Transportation, Vol. 18, September, 1939, pp. 466-467 


*‘Fluidgear,”” by Charles O. Guernsey. 





With the coupling, however, the taster the speed the 
greater the efficiency, and therefore there is no need to 
shift until desired by the operator. 

This transmission system is unique in that gone of the 
driving is through mechanical friction members. The drive 
is solid from engine to propeller shaft except for the fluid 
in the coupling. No friction clutch is used. 

Three buses equipped with this controlled automatic 
hydraulic system, both rear engine and underfloor engine 
types, were built before the outbreak of the war and these 
vehicles have averaged 100,000 miles each in regular city 
bus service with good results. 

In developing the Fluidgear automatic transmission sys 
tem various types of hydraulic coupling were tried, but 
none of them met the requirements of performance and 
fuel economy required in heavy-duty city bus. service 
Therefore, our own coupling was developed to give the 
desired results. 

This coupling again is an example of what can be 
gained by suiting the characteristics of a hydraulic unit to 
the purpose for which it is to be used. In a coupling the 
stall torque rises as the square of the input or engine speed 
Thus, if we plot torque against engine speed we have a 
curve rising as the square of the speed. This curve repre 
sents 100% slip. Where this curve crosses the engine torque 
curve represents the maximum starting torque availabk 
with the given engine and coupling. See Fig. 2. 

If we now release the brakes the vehicle will start t 
move and the slip will drop from 100%. If the slip curve 
is plotted against engine speed it will be noted that the 
slip curve drops off very slowly with increasing engine 
speed, and the engine, and with it the vehicle, has to be 
speeded up considerably before the slip drops to a rea 
sonable amount consistent with economical operation. 

With early forms of couplings used in vehicles a coupling 
of relatively large size was used so that the slip would be 
reasonable at relatively low engine and vehicle speeds. This 
had the disadvantage, first, that full engine torque was 
not available to start the vehicle, as the engine was held to 
too low a stall speed, and, second, that idling drag was 
very high. 

If this larger coupling is now partially emptied of fluid 
the stall torque curve is moved to the right, the idling 
drag decreases and the engine stall speed is also brought 
back up to the point of maximum torque of the engine. 
But once the vehicle begins to move, the slip curve is also 
the same as the original smaller coupling. If the filling o! 
the coupling can be controlled rapidly and automatically 
then the advantageous idling drag and full engine torqu« 
stall points can be obtained as with the small coupling, 
and by filling the coupling as the vehicle begins to move, 
the low slip of the larger coupling can be obtained. 

Ordinary arrangements for rapidly filling the coupling 
to suit the conditions and proper control for this filling 
and emptying would be difficult to arrange; but by taking 
advantage of certain natural characteristics of the coupling 
the desired result can be obtained very simply. If the 
coupling is made nonsymmetrical, the inner portions of the 
driven member buckets not leading the fluid into the driv- 
ing members, then under conditions of stall or high slip, 
the fluid from the runner will be delivered towards the 
center of the coupling rather than to the driving member 
From the center of the coupling it can be led to a suitable 
reservoir, either integral with the coupling or, in order to 
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sth, a separate reservoir. With high slip the fluid 
yn is high, since it is not opposed by much cen- 
force in the runner. As the runner begins to 
1¢ flow decreases and the centrifugal force on the 
the runner increases, until finally the fluid is no 
rced to the center of the coupling, but is held in 
part of the coupling, just as the water was held 
yuckets of our crude coupling when rotated at 
The fluid in the reservoir will be sucked back into 
pling proper, and high torque capacity at low slip 
ult. 

upling of this type will perform in accordance with 
vantageous curves of a small coupling for idling 
d engine stall speed, and as the vehicle begins to 
the slip curve will very rapidly change from that of 
small coupling to the preferable one of the larger 
And all this is accomplished by the shape of 
upling itself and not by complex valving and con- 
lhe efficiency curves of the two couplings are iden- 
What has been changed are characteristics “which 
rmine where on the efficiency curve the operation in 

the vehicle takes place. 


# Testing Hydraulic Transmissions 


The accuracy involved in testing hydraulic transmissions 
in development work must be much higher, in so far as 
measurements of torque and speed are concerned, than, 
for example, in testing engines. In engine testing only 
one speed and one torque is involved, whereas in hydraulic 
transmission testing, input and output torques and input 
and output speeds must be read with great accuracy, 
since ratios and differences are involved. As an example 
f it is desired to test the performance of a coupling under 
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Fig. 3- Hydraulic torque converter performance diagram 
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small slip, say 5%, assume the input speed to be 1000 
rpm, then the output speed for 5% slip will be 950 rpm. 
If an accuracy of 1% in reading the speeds is assumed 
this means an error of plus or minus 10 rpm on each 
reading. Since the slip is equal to the difference in speeds 
this means that the slip may be read as 30 rpm or 70 rpm 
or 5% slip plus or minus 40%. If the difference in speeds 
can be read directly, then the error will be very greatly 
reduced. 

For this purpose a very simple arrangement was devised. 
A switch was operated from a cam on the output shaft so 
that the switch was closed once during each revolution. 
This switch was connected in series with a small neon 
lamp placed behind a slot in a disc mounted on the end 
of the driving shaft. Due to the stroboscopic effect, when 
observing the light through the slot, by counting the 
flashes of light in a certain period of time, the actual slip 
revolutions can be determined to a high point of accuracy 
and effect of variations in coupling design on small slips 
can be determined. 

The present method of testing torque converters, which 
has been evolved over the course of several years, is to drive 
the converter through a dynamometer, obtaining the input 
torque accurately. A large hydraulic dynamometer rebuilt 
and modified by ourselves to suit the purpose measures 
the output torque. At the same time the converter itself is 
mounted on a floating stand so that the reaction torque can 
be measured directly as a check, since input torque plus 
reaction torque should equal output torque. 

Actually these readings will not correspond exactly, since 
windage and friction in the driving shafts under different 
loads and speeds will account for the difference. Therefore, 
the windage and friction losses at all loads and speeds are 
carefully calibrated and frequently checked. At first glance, 
the pains taken for accuracy may seem to be carried to the 
extreme, but, as pointed out in measuring slips, small errors 
may build up into great errors in the results obtained. 
Small tendencies, if accurately measured, may be built up 
into valuable results. 


From the results of the dynamometer tests, performance 
curves are plotted, and to facilitate vehicle calculations a 
performance diagram has been devised, as shown in Fig. 3. 
This consists of two sets of curves, an upper and a lower. 
These curves show torque at constant engine speed plotted 
against output speed, the upper set showing input torque 
and the lower set output torque. Thus, by laying in the 
engine torque curve on the upper set of curves and pro 
jecting vertically down into the lower set of curves the 
output torque under any speed conditions can be read off. 
If performance of the vehicle is checked by observing input 
and output speeds, the output of the engine can be checked. 
If any modifications are made in the converter blading 
system a different performance diagram will result. 

A curve is shown in Fig. 4 comparing the efficiency 
curves of a coupling and a torque converter. The curve 
for the coupling is a straight line, rising to nearly 100 % 
efficiency and then dropping rapidly to zero just below 
unity speed ratio. This drop is obvious, since unity speed 
ratio cannot be reached, there must be some drop in speed 
across the coupling in order to produce fluid circulation to 
drive the output, even if there is no load on the output. 

The left hand side of the converter curve is above the 
coupling curve or line, since torque increase is obtained 
with the converter. At the point where the converter curve 
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crosses the coupling curve the output torque equals the 
input torque, there is no torque increase, and no advantage 
is gained by using the converter. At this point the shift is 
made to direct and the hydraulic section comes to rest in 
Spicer converters. However, if the shift to direct is not 
made, and we continue down the curve, there is actual 
disadvantage in the use of the torque converter. The out- 
put torque becomes less than the input torque, and the 
reaction changes in direction, becoming negative. It is 
obvious that if the reaction blading could be mounted on 
a freewheel, or otherwise cut loose at this point, there 
could be no reaction and the output torque could not 
become less than the input torque, except by the small 
amount of drag of the freewheel used to hold the reaction 
blades. Thus, apparently we have a torque converter 
which becomes a coupling when the torque ratio drops to 
1 to 1, and the efficiency curve instead of dropping off 
rapidly, rises with the coupling curve. 

Considerable time and effort have been expended by 
various workers to produce a unit along these lines, and 
by proper design such a unit can be produced, which 
would give satisfactory performance. But, due to the fact 
that all factors are not taken into consideration, most 
designs of this type do not work out with satisfactory 
performance because the designers consider the efficiency 
curve alone, and not the other characteristics involved. 

Such freewheel construction cannot have any effect be 
fore the coupling curve is crossed, since to take effect the 
reaction must become negative to cause freewheeling. For 
this reason some designers have worked on the idea of 
retracting the stationary blades, pulling them out of the 
path of flow, when it is desired to change from converter 
operation to coupling operation. To prove this out we 
built a converter and simply omitted the stationary reaction 
blades. The results showed that the unit was simply a 
poor coupling. The efficiency curve came down to zero at 
the same point as with the complete converter. A little 
thought will show the obvious reason for this. As a con- 
verter the unit is designed to have speed reduction to gain 
torque increase, just as with a pair of gears the pinion is 
made smaller than the gear, in order to produce torque 
increase by means of speed reduction. Therefore, if the 
reaction blades are removed we do not have a good 


coupling since the blading system has not been designe 
as a coupling. 


tr 


Actually, since we go to direct or 100 Yo efficiency at th, 


point where the torque ratio becomes unity, we are no 
concerned with the efficiency curve beyond this point. Ng 
arrangement will compare with the direct drive from 
efficiency standpoint, since at best it can only raise th 
performance to the coupling curve. If, however, there ar 
other reasons for going to such an arrangement, then jt 
can be accomplished if full cognizance is given to all th 
factors involved, designing the unit to be both a good 


converter and a good coupling as well. 


= Conclusion 


Our purpose has been to point out the advantages o 
properly engineering any hydraulic system for motor 
vehicle propulsion. Any unit at random coupled behind 
any engine may run, but the performance will not b 
satisfactory unless the units 


are properly balanced and 
designed for the purpose. 

To a certain extent this is true of mechanical transmis 
sions. No Spicer transmission installation is made wit! 
our approval unless we are furnished with data sufficient 
to check the performance and make our recommendation 
A passenger-car transmission has only a few hours lif 
if operated at full torque continuously in low gear, and ye 
the low-gear capacity is sufficient for the life of the vehicle 
If the gears were made large enough to stand continuous 
operation in low gear the car weight and cost would | 
increased and no useful purpose would be served, since for 
the service for which it is 


low-gear 
capacity is required. 


intended no such 

If such engineering is required in a mechanical trans 
mission then it will be readily understood why engineering 
is required even to a greater extent with a_ hydraulic 
transmission. 


DISCUSSION 


Efficiency Curves 
Need Careful Analysis 


~G. V. Edmonson 


Hydraulic Coupling Division, 
American Blower Corp. 

HE writer is 
standing of th 
sidered purely 


f the opinion that there is liable to be a misunder- 
efficiencies of the two types of fluid drives if co 

curve presented by Mr. Dei 

Mr. Deimel has chosen to plot efficiencies of both types on one ct 


from the efficiency 
igainst speed ratio, which is the ratio of input to output speed. | 
curve when considered bi 


much speed 


itself is approximately 


correct, but 
ratio is not 


a factor in the correct applicatio: 
rroneous to attempt a comparisot 
the two types of units by speed ratio alone. It should be pointed 
here that the efficiency of a hydraulic coupling approaches 100% 
the speed ratio approaches 1 At a speed ratio of 1.0 the effici 


of the hydraulic coupling is 100%. Without consideration, how 
being given to the 


torque requirements, or more specifically, 
horsepower requirements of the driven 
either unit are without meaning. 


asa 


the hydraulic coupling, it is 


vehicle, efficiency curve 


It is possible to expect an efficiency of 97% to 98% from a 
draulic coupling when transmitting the maximum horsepower 
engine can develop. This is being accomplished regularly in 

tice. The same hydraulic coupling will transmit 50% of this n 


concluded on page 39 
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by E. €. JETER 


Ford Motor Co. 


HIS paper is not written in an attempt to promote 
T ressure castings at the expense of parts that should 
htfully be cast statically. It is not written in any attempt 
promote their use over parts that should rightfully be 
forgings. Each method of manufacture has its field. Engi 
eers should acquaint themselves with the strong points 
the limitations of these manufacturing methods. By 
aving this knowledge, designs can be made that make use 
the advantages of the type of castings best adapted to 
particular part being designed. 


nd 


In order to analyze a future trend it is a good idea to 

onsider the history of a subject. Developments and trends 

the past may offer valuable clues as to future trends. 

\ brief description of the method and of recent applica- 

ions is also necessary, as actual experience is offered as a 
s for future applications. 


& Definition 


By pressure casting we mean any casting whose mold 
is filled by pouring metal in under pressure from 
; other than gravity. This pressure may be exerted 
ins of centrifugal force obtained by rotating the 
it a suitable rpm, or this pressure may be obtained 
ting air pressure on the molten bath from which 
ld cavity is being filled. The former is by far the 
st widely used at present, but there are interesting appli 
ns of the 
ht indeed. 


latter, and the future for this method is 


P History 


t) Early Processes— Although centrifugal casting of 
on any large commercial scale has been done only in 
ast two decades and the production of cast iron only 
tly longer, centrifugal casting is not new. The first 
tion on record was in 1809 and was a reference to a 
ted invention for making castings of high density in 
olving mold. The first patents issued in the United 
tes were in 1848 and described an apparatus for making 
rifugal pipe. There was not much done on centrifugal 
or any other castings commercially, however, until 
World War I. followed the de 


inent-mold process for pipe which, in turn, was fol 


There Lavaud 


S paper at the SAE National War Matériel 


was presented 


etroit, June 7, 1944.] 
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PROVEMENTS in PRESSURE FERROUS 
CASTINGS Influencing their 
Future Use 


lowed by the W. D. Moore sand-mold process. Both of 
these methods were, and are, still highly successtul means 
of making cast-iron pipe. Watertown Arsenal developed 
a process for making gun barrels by pouring steel in a 
spinning metal mold. National Malleable and Steel Cast 
ing Co. developed a steel-car-wheel spinning process. 

(6) Developments during Pre-War Period 
the first really major foundry commercial accomplishments 


These were 


or a large scale, of the centrifugal process. Even these 
accomplishments were in fields of endeavor where heavy 
castings were the rule. It wasn’t until the early “Thirties 
that foundries began to turn their attention to the use of 
centrifugal force in the manufacture of light-weight, high 
quality castings for internal-combustion engines and auto 
motive and truck chassis parts. The first examples of these 
were cast-iron cylinder sleeves and brake drums. 


The centrifugal casting field had been slow in developing 


RESSURE casting is any casting method in 

which the mold cavity is filled by pouring 
metal into it under pressure from sources other 
than gravity. 


This pressure may be exerted by means of 
centrifugal force obtained by rotating the mold, 
or by exerting air pressure on the molten bath 
from which the mold cavity is being filled. 


Mr. Jeter describes the highlights of the de- 
velopment and improvements of the centrifugal 
casting field, and particularly the improvements 
in steel centrifugal castings in the past several 
years. He also describes briefly the air-pressure 
casting method. 


THE AUTHOR: FE. C. JETER has been associated with 
Ford Motor Co. since his graduation from Clemson College 
in 1928. Now in charge of the Experimental Foundry and 
Process Control Division of the Automotive Foundry, Mr 
Jeter has been chiefly engaged in development of centrifu- 
gal castings and other experimental work. 
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Cylinder barrels for 2000-hp aircooled aircraft engine 


tor any large-scale commercial use. This can be attributed 
to the fact that certain paralleled industries had to progress 
oO a certain stage betore centrifugal castings could make 
any great strides. Melting equipment had to be suitable. 
Che knowledge of building suitable machines and molds 
had to be developed. Practical molten metal handling had 


to be developed to a fine point. The important point is, 


however, that once these centrifugal processes were devel 
} 


oped they were here to stay. No one can criticize the 


centrifugal pipe industry to economy of 


manutacture. 


as to quality or 
No one can criticize the economy or quality 
of the centrifugal cast-iron cylinder sleeve 

The 
gained in gray iron and heavy steel castings. This knowl- 


edge was now to be expanded into light, high-quality steel 
castings. 


knowledge of centrifugal casting had been first 


In 1936 the Ford Motor Co. began making, on a com 


mercial basis, transmission and differential gears tor trucks 
and passenger cars. The experience with gears led to the 
knowledge that centrifugal castings could be economically 
produced of uniformly high quality as to soundness, and 
of uniformly high quality as to physical properties. This 
can be accomplished without resorting to special analysis 
or heat-treatment. The 


used for 


same analysis that 1s 

























































a Fig. 2—- Results of hydrostatic test 
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torgings can be used tor centrifugal castings. Carbu 
as well as oil- and water-hardening steels have been s 
tully made. The same procedure, and thus the same eq 
ment, can be used for heat-treatment. 
(c) Developments and Expansion Since Beginnin, 
War 


On the eve of this nation’s great struggle to 
the tools of war on a scale never before attempted, th 


of centritugal castings had its opportunity to come i 
own. There Air Matériel 


and means Of manutacturing 


Was a demand by Force 


mand Ordnance for 


aircraft and vehicl 


parts to relieve overtaxed 
capacities. 
The Ford Motor Co., which had pioneered the fix 


making small centrifugal steel castings on a product 


I 
prodt 
a centrifugal casting for aircooled cy] 


basis, answered by developing and getting on 
in record time 

barrels. Other foundries began equipping with spinni: 
heads or adding to the heads already in use. Sine 
beginning of the war the number of foundries engag: 
making centrifugal steel castings has more than dou 
The foundries that had been making such castings 
more than tripled their facilities. 


There have been meetings of committees compose 





a Fig. 3-—Landing gear hinge pivots 


members from the different foundries engaged in centi 
| 


gal casting. These meetings have brought about clos 


contact between these foundrymen. They discussed th 


problems and the different means used by various ones f 
solving difficulties. As a result, there grew up over night 


a closeness between the S€ 


foundries that resulted in 
partial natural standardization of equipment and means 
of melting and pouring correctly made steel into revolving 
molds. The knowledge of this casting field has been pool 


to ensure an engineer of obtaining castings that can 


depended upon for soundness and material quality. 





m Classification of Centrifugal Castings 


Castings made by pressure from centrifugal force m 
for clarity, as to quality of product and application, 
divided into three classes. 

(a) True Centrifugal — Number one is the true centr 
gal casting. This is spun in a metal or refractory sa! 
mold about its own axis with the centrifugal force formin 


all, or most, of the inside contour. The type castings ma 
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a Fig. 4—Cross-sec- 
: of oil sand mold 
for hinge pivot 





this manner are thus limited as The inside 


to design. 

of the final part cannot be irregular to any large 
lezree. The outside form must be symmetrical, at least to 
the extent that it can be balanced during spinning. True 
centrifugal metal mold castings are of the highest quality, 
and are the ones that may compete directly with high- 
strength wrought parts. 


Examples are: cylinder barrels or sleeves for aircraft or 
ther internal-combustion engines, gears, landing gear parts, 
ind tubular sections. 

(6) Semicentrifugal - Number two is the semicentrifu- 
gal casting. This is also spun around its own axis, but 
employs a core of some nature to form its inside contours. 
More latitude of design may be had with this type of 
casting than with the true centrifugal. Parts not entirely 
symmetrical and having an irregularly shaped inside form 
fit into this class. High-quality castings are made in this 
manner, and there is a great saving in gates and risers that 
would be necessary if the same parts were cast statically. 

Good examples are: front-wheel spindles and ball socket 
joints for four-wheel-drive vehicles, and idler hubs. 

(c) Centrifuge — The third type of centrifugal casting is 
generally referred to as centrifuging. This type of casting 

rouped around an independent central axis, and there 
1y be many castings around this axis. 


f 


Layers of castings 
miay also be stacked one on top of another. Castings of a 
wide variety of shapes may be made in this manner. There 
is not, however, the guarantee of soundness or high physi- 


cal properties that is the case of true and semicentrifugal 
castings. 


® |llustrations 


Some examples of typical castings and physical prop- 
erties are shown in the following illustrations. 
ig. 1 shows a centrifugal-cast and a forged cylinder bar- 
rel for an aircooled aircraft engine of 2000 hp. The forged 
barrel weighs 47 Ib, the cast barrel weighs 40 lb. The 
pouring weight of the cast barrel is only 40 lb, while the 
pouring weight of the forged barrel is at least 25% above 
17 lb. Both are made of SAE 4140 material and heat- 
ted in the same manner to a Brinell of 286-321. The 
centrifugal casting is more economical and the performance 
t as satisfactory as the forging. 
ble 1 shows physical properties regularly obtained 
bars cut from the wall of the casting. 


1 
th 


tr 


1945 


vane, 
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Fig. 2 is a demonstration of results obtained after a 
hydraulic expansion test. 

The barrel at the right is forged of SAE 4140 steel and 
failed at 8700 psi. Note that the barrel split in almost a 
straight line in a longitudinal direction. The barrel at the 
left is a cast one. Failure occurred at 9200 psi. There was 
no particular direction to the line of failure, part of the 
rupture is transverse, the other is longitudinal. The barrel 
in the middle is another cast one that did not fail after 
application of 10,000 psi. This is the result of improve 
ments in technique and represents present practice. 

As additional proof of the quality of this centrifugal 
cylinder-barrel casting, the service record may be cited. 
There have been more than 900,000 of these finished, and 
a large percentage of these have been put in flying service 
throughout the world. Failures have been negligible, cet 
tainly no more than would occur with the same number 
of forgings. 
the few 


Loose studs have been found to cause most of 
that did Another point to be 
brought out regarding these centrifugal castings 
there is no more 


failures occur. 


is that 
inspection necessary than for forgings 
Magnetic inspection is used in the semifinished and again 
in the finished condition. No X-raying or special means of 
iNspection are necessary. 

Fig. 3 is an illustration of aircraft landing gear hinge 
pivots. This fabricated structure required 168 in. of ar 
weld and 9g separate pieces for its construction. The ulti 
mate design load of this part is 209,000 lb. The centrifugal 
castings stand between 420,000 and 475,000 lb, many of 
them without failure at the higher figure. This casting is 
an excellent example of an unsymmetrical part being mad« 
as a true centrifugal casting. Material in pivot is SAE 4140 
steel, heat-treated to 150,000 psi. 

Fig. 4 shows the cross-section of an oil sand mold for 


casting a hinge pivot. These core sections are wedged 


a tapered steel shell during the casting operation. Locater 
of cores acts as a counterbalance for the projection on the 


opposite side. 

Fig. 5 is an illustration of axles for nose and main land 
ing gears of the B-24 bomber. These are permanent-mold, 
true centrifugal castings, heat-treated to a tensile strength 
of 170,000-190,000 psi. To reach the elongation required 
with this high tensile consistently, no aluminum is used to 
deoxidize the metal before pouring. 

Table 2 shows the physical properties of bars cut from 
the wall of axles. 

Fig. 6 shows transmission and differential ring gears cast 
centrifugally. The ring gear is of a carburizing analysis, 


SAE 4120. 


Table 1 — Physical Properties from Wall of Barrel Casting 
Yield 


Tensile Elongation Reduction of Izod Brinell 
Point, psi Strength, psi in 2 In., % Area, % Impact Hardness 
125,000 141,500 12.0 35.5 37.0 286 
126 ,000 142,000 12.5 39.0 27.0 302 
129,500 147,500 15.0 42.2 33.0 321 


Table 2 — Physical Properties from Wall of Axle Casting 
Yield 


Tensile Elongation Reduction of Brinell 
Point, psi Strength, psi in 2 1n., % Area, % Hardness 
162,500 170,000 14.0 37.0 363 
170,000 180,000 « 12.0 34.5 375 
168 , 000 175,500 10.5 25.0 363 
171,500 179, 000 9.5 22.0 375 











a Fig. 5—Centrifugally cast landing gear axles 


Fig. 7 shows a good example of semicentrifugal castings 
These particular castings are armored-vehicle four-wheel 
drive front-wheel spindle and ball-socket castings. Thesé« 
were made in an oil sand mold of an analysis similar to 
SAE r1o4o steel and were normalized and heat-treated to a 
tensile strength of 140,000 to 150,000 psi. They are good 
examples of castings spun on their own axis with very 
irregular inside contours. These particular parts would be 
difficult to forge, and to make as static castings would 
require a large waste in material for gates and risers. 

Fig. 8 is another illustration of a semicentrifugal casting. 
This is an idler hub for an armored vehicle. Note the 
irregular inside contour. 

Fig. 9 is an illustration of a semicentrifugal casting of 
drive sprockets for light armored units. These are all made 
in oil sand molds and require no machining except for the 
inside diameter and drilling of holes. This is a good ex 
ample of “mold stacking” 


castings. 


to get more than one layer of 


Fig. 10 is example of multiple centrifuge casting. These 
castings are grouped around a central sprue which is the 
axis Of spin. 


Fig. 11 shows a deflection test of a centrifugally cast, 





a Fig. 7-—Spindle and ball-socket castings — four-wheel-drive 


armored vehicle 











m Fig. &—Centrifugally cast transmission and differential ring 
gears 


permanent-mold tube - SAE 4140 material, heat-treated | 
157,000 psi. 

Fig. 12 is a deflection curve of the centrifugally cas 
permanent-mold tube. This work was done to find out 
the same higher modulus of rupture for tubular sectior 
held true in cast tubing as it did in wrought tubing. | 
permanent-mold tubes the results compared favorably wit! 
those of wrought tubes in this respect. 


= Dependability 


The typical centrifugal castings shown in the illustratior 
are dependable. All of them either have been or are stil 
being made as successful production jobs. The very prit 
ciple of centrifugal casting goes a long way in eliminating 
the common foundry defects of hidden blow holes an 
shrink cavities. In fact, these defects are entirely eliminat 
in properly controlled, true centrifugal, permanent-mold 
castings. It is the fear of unseen defects that has caus 
skepticism on the part of engineers when the use of cast 
ings for highly stressed parts is mentioned. One wel 
known engineer of Detroit made the statement that 


could be sure of getting a casting free from defects 


would be in favor of their much wider usage. These cast 





a Fig. 8 -— Three-quarter section of idler hub casting 
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a Fig. 9—Drive sprockets for universal carrier 


ngs can be depended upon tor unitormity within the 
asting itself. There are no “interior” spots adjacent to 
high-quality areas in a true centrifugal, permanent-mold 
asting. Test coupons are taken from the wall of the cast 
ng and thus represent the casting itself as well as the heat 

the steel. There is somewhat less surety of this uni 
rmity in many semicentrifugal and true centrifugal cast 
ngs made in sand molds. Most centrifuge castings are 
lefinitely not as uniform, and although to a somewhat less 
xtent, there is the same danger of metal “starved” areas 
that there is in static castings. 


\pproximately three years ago the Service Air Forces 


lemanded that centrifugal castings meet 200 Yo of required 


oad on static test simulating actual service loading of part. 

\s the Matériel Division of the Army Air Forces watched 

results of the early efforts to substitute centrifugal castings 

tor highly stressed forgings, they lowered this requirement 
om 


to 125 “ 


This requirement has since been lowered to a 
equal of required load, provided adequate physical 
properties of elongation and 


ners 
ert 


tensile strength can be 
‘tained 


Every means of inspection has been used in developing 


11 -Centrifugally cast, permanent-mold tube after deflec- 
tion test 


ary, 1945 


a Fig. 10—Centrifuged castings—spring becring for universal 
carrier 


this casting method to its present state of quality —- X-rays 
have been used; magnetic methods of inspection have been 
extensively used; and exhaustive, destructive physical tests 
have been used. Although all these tests were used in 
developing, it is not necessary to resort to X-rays or special 
inspection methods on the bulk of centrifugal castings 
after they are on production. Centrifugal castings that are 
used for highly stressed parts, such as aircraft cylinder 
barrels and landing gear axles, should naturally be mag 
netically inspected just as highly stressed forgings are, but 
to X-ray also is not necessary or required. 

With all the improvements and development to an eco 
nomical and quality basis, one cannot but feel that more 
and more use will be made of centrifugal castings for 
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m Fig. 12 — Deflection curve for centrifugally cast, permanent-mold 
tube of a main landing gear axle: SAE 4140 steel, O.D. 3.970 
in., t — 0.686 in., Brinell 321 —failure occurred at 300,000 Ib 


























a Fig. 13-—Investment molded and pressure-cast 
buckets 


supercharger 


certain parts, particularly highly stressed parts, adapted to 
this method of manufacture. 


m Gray lron 


Although the outstanding improvements, in the past 
several years, of centrifugal castings have been made with 
steel, gray-iron centrifugal casting made tremendous strides 
in the period before the war. Engine cylinder sleeves and 
brake drums were made in large numbers by this method 


The centrifugal casting of gray-iron pipe, engine cylinder 
sleeves, and brake drums as a means of production had 


With the 
probable wider use of cylinder sleeves and such brake« 


drums, the expansion of this field of casting is assured for 
the future. 


been successful long before the present war. 


w Air Pressure Castings 


The use of this method as a large-scale, commercial pro 


ducer of specialty castings has been rapid in the past 
several years. This has been successfully used for castings 
where machinability is difficult either due to the nature of 
the alloy or to the nature of the design. See Fig. 13. 
(a) Accuracy and Quality—\n connection with this, 
investment molding has been very successfully used. Cast 
ings of extreme accuracy and freedom from defects are 
made by this method. Certain castings of approximately 
2-in. length are made within 0.002 in. These require no 
machining. The molds are made of a refractory material 
that can be controlled accurately. 


takes 
place rapidly and under air pressure exerted on top of the 


This solidification 


Solidification 


riser or gat under pressure assures 
soundness. 


Here is a method of casting that, while expensive within 
itself, offers the means of making parts so close in toler 
ances that they require little or no machining. Alloys of 
such nature as to be unmachinable may be cast to finished 
size. Small parts of such a design as to be difficult and 
expensive to machine may also be cast to size. 

(b) Applications —- Particular applications at present are 
supercharger buckets. Much work is also being done on 
tools such as cutters, hobs, and reamers. 


(c) Future —Certainly with the improvements already 
made, designers are going to take advantage of a casting 


unmachinable allovs can be made into 


method whereby 





er 


working parts directly from casting mold. Designers ;, 
also going to make use of any method that offers them 
opportunity to design parts with disregard for mac} 
difficulties due to design. No already cheaply made py 
will be added to this pressure-casting field. This field } 
its Opportunity among the difficult-to-manufacture, 
thus expensive, parts. It is a specialty and offers vast ; 
bilities for engineers in a largely unexplored field. 


= Conclusion 


The writer has attempted to describe the highlight 
the development and improvements of the centrifug 
casting field, and particularly the improvements in ste 
centrifugal castings in the past several years. The 
pressure casting has been described briefly. 

The centrifugal casting field progressed through | 
gray iron and steel into light gray iron and then into lig 
steel castings. The history of the development of this fi 
indicates that it will continue to improve and develop int 
a much larger source of parts. Here is a method of cast 
that is economical for many parts. It is of such soundn 
and material quality that it can be used for many high 
stressed parts. The method is dependable to the extent tha 
rarely are special means of inspection necessary for prod 
tion castings. 

Within the limits of certain designs this field of casting 
should, in the future, take its place with the other leading 
manufacturing methods, namely, forgings and static cast 
ings. The engineer has to weigh all the evidence an 
decide if he can be served by centrifugally casting certai 
parts. There are two important points to consider. Is it ecc 
nomical, and is it of high enough quality? For many part 
ic is both economical and of extremely high quality. 
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d THE AUTHOR: HARRY F. BRYAN (M ’24) has been 
n ted in carburetion since the early days of the auto 
i} industry, and has been continuously affiliated with 
2 of work. After handling heavy fuel carburetion 
. E Morland Distillate Truck Co. and carburetion problems by HARRY F. BRYAN 
int % f trucks and tractors in World War I, he joined Ensign 
: ; es : Gas Power Engineering Department 
Carburetor Co., where he became assistant chief engineer Mechanica! Teciien end Develonmest Division 
In 1927 he organized a carburetor division of International ec "he rs vm — ry a . ' 
at Harvester Co., and 10 years later was put in charge of SORSNSSY CURE Ss HS. 
hi stion research and development. Now research engi 
hat n the Mechanical and Development Division of the 
wi : iny, he has been active in combustion research of both 
| and carbureted engines. Mr. Bryan is a past-chairman 
he SAE Chicago Section 
ing 
as: 
ad , — ey , ” 
in MEA HEN the subject of piston design is brought up for of “blow off” from the prechamber, as well as maintaining 
co. Eee" discussion in a group of engine designers it is a fore- optimum piston-ring temperatures. Since these engines 
arts Peegone conclusion that each designer will approach the are supplied to a trade which demands the lowest possible 
Msubject thinking in terms of his own piston problems. As first cost and ultimate maintenance cost, the design has 
manufacturers of a line of heavy-duty carbureted engines been confined to the more or less conventional type of 
designed to operate on distillate, kerosene, and the like, we aluminum and cast-iron pistons. The low engine spe eds 
always had the problem of designing pistons with involved have made this possible. 
ipe sufficient piston-head temperature to complete the vaporiza- The pistons described in this paper are used in a 4% x 
of tion of the heavy ends of the low-grade fuel and at the 64, 4-cyl and 6-cyl diesel engine operating at 1200 to 1400 
ie me maintain optimum piston-ring temperatures. rpm governed speed. The compression ratio is 13.67:1 and 
[he adoption of the precombustion-chamber type of maximum combustion pressures range from 725 to 780 
| engine into this line made further piston tempera psi. These engines are used in farm and industrial tractors, 
stigation necessary. Here the major problem is to prime movers, and power units. 
111 -] . - > , ae a 
quic kly the concentration of heat from the hot 29 Oe Ee ee iecel-F & L Me 
gases that impinge on the piston head during the period hicago, May 17, 1944.) 
PF | 
hr | ENCH tests of several designs of both alu- _—_ tion immediately above the top ring or back of 
os | minum and cast-iron pistons have led the all rings. 
: | author to the following conclusions: 
| 3. Rings are only 65°, as effective as lands 
o. | and the piston skirt for transferring heat from 
|. Bench tests for pistons, when properly cor- the piston to the cylinder wall. 
| related with actual engine operating conditions, 
can be used for heat-flow and piston tempera- 4. The thermal break between the piston sur- 
N ture determinations, and will be useful in piston face and cylinder wall is the major restriction to 


. el design. 


| 2. Definite control of heat flow to rings is 
necessary in diesel iron pistons and can best be 
obtained by limiting the area of the cross-sec- 


heat flow through the piston. 


5. Proper use of ribs in the piston head im- 
proves the conductivity of the piston and pro- 
motes uniform heat distribution in a cast-iron 
piston with a minimum of material. 





| Be vonucey, 1945 
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The aluminum pistons used for production in this 
engine are the product of development in combustion con- 
trol as well as in piston design. Early in this development 
a piston such as shown in Fig. 1 was required. This piston 
was made of aluminum but it required a silchrome insert 
in the head to protect the head from the hot blast of the 
gases from the prechamber throat. The prechamber com- 
bustion capacity of this engine at that time was about 6.0 
lix of fuel per cyl per hr. Piston and ring fouling were not 
uncommon after 150 to 200 hr operation. Continued 
progress in combustion control and in piston design made 
it possible to discard the insert and this engine is now 
operating with aluminum pistons and a prechamber com- 
bustion capacity of 8 lb of fuel per cyl per hr without 
overheating the piston head. 

Two sections of the present production aluminum pis 
ton are shown in Fig. 2. ‘This piston has proved to be 
quite satisfactory. It is clean running, with any good grade 
of lubricating oil either with or without additives. The 
ring life is good and ring sticking or piston fouling under 
normal operating conditions is practically unknown. 

A number of years ago it was decided to make an 
investigation of the operating temperatures of the pistons 
used in our line of engines and, if possible, to develop some 
reliable procedure for piston temperature determination. 
When undertaking an investigation of heat loss in an 
internal-combustion engine, or more specifically in the 
pistons, one is appalled at the large number of variables 
involved. Every factor known to influence heat transfer 
in the engine is subject to constant change throughout the 
cycle. Under constant load and speed, however, we find 
that these changes are repeated cycle after cycle. Because 
of this periodic change it was thought possible to develop 
a step-by-step bench test procedure that would yield satis 
factory results. 

By the time material shortages had made it necessary to 
change diesel-engine piston material from aluminum to 
cast iron, a fairly satisfactory test bench and piston test 
procedure had been developed, and a considerable amount 
of piston temperature and heat-flow data had been collected 
from this engine and others of its type and also from the 
carbureted engines. 

A schematic drawing of the piston temperature test 
bench used for this work is shown in Fig. 3 (see Appen 
dix). The piston, complete with rings, and with thermo 















































couples installed at the points to be checked, is moun, 
in a regular engine cylinder sleeve surrounded by 4 he 
water jacket through which water is circulated at a me 
sured rate. The piston is heated on the head end by th. 
direct blast from an inverted gas burner. An electric heate 
and a cooling coil are installed in the lower tank to holj 
the circulating water to the required temperature. Therm 
piles in the inlet and outlet water passages accurately 
measure the temperature difference at these points. 

The successful correlation of the test bench conditio; 
with engine operation depends on a knowledge of th 
general operation of the engine, the thermal efficiency, hey 


losses, and so on; and the following specific information \ 


required: 

1. The maximum piston-head temperature at full-load 
operation in the engine. 

2. Indicator cards taken from the engine operating 2 
full load, from which the temperature of the cycle can | 
determined. 

3. The full-load operating water temperature and mas 
flow rate of the water around the cylinders. 

The maximum piston temperatures are obtained in t! 
engine from fusible plugs placed in the piston head. 


The flow rate of the water around the cylinders is either 


estimated or obtained directly from the engine under test 

These data then constitute the base line for the benct 
test. A piston is taken from the engine, the fusible plug 
are replaced with thermocouples and additional therm 
couples are installed at all of the points in the piston to | 
investigated. The piston is then mounted in the test ben¢ 
cylinder sleeve and locked in place. The water around th 
sleeve is adjusted to the required mass flow and the wate: 


temperature raised to the observed engine cooling wate: 


temperature. The burner is then adjusted to give the sar 
temperatures across the piston head observed in the engin 
After equilibrium temperatures are reached with th 
required operating conditions, the temperature differenc 
between the water inlet and water outlet is taken. Th 
product of the water temperature difference, the mass flov 
of the water, and the specific heat of the water gives th 
rate of heat flow through the piston. The rate of heat flo 
through the piston and the temperature and mass rate ¢ 
flow of the cooling water now become the standard 1 
bench conditions for that engine. 
Since the heat is absorbed by the top surface and 
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= Fig. | —Early diesel piston with silchrome insert —434 x 6!/2, 4- 
cyl diesel engine 





a Fig. 2—Present aluminum production 


piston — 434 x 6!/2, 4-cy 
diesel engine 





SAE Journal (Transactions), Vol. 53, No. | 
















pap ais, 
pee dene! 





ey 


age 







“ieee oe 











2 geese able Y 







5 
























jee 


4 
- 
: 


































eg = 
= COrTr PF SSED a 
Nea. UP a re) 5) 
the AD | 
ater I 
al ener ——| | | 
m : | Be 2 | 
tely i . | 
ons 
the S— THERMO 
ie / COUPLES 
| Fo WATER 
COUPLES pe \- WATER 
- WATER 4 ———- — « J PUP 
r TT rl | 
HEATING } : | 
7 UNT _= E—, 
* m Fig. 3 — Piston temperature tester 
lugs ; acre aaa = 
Se dissipated from the side surface of the piston, the thermo 





ton 


Re 


MNOcOt 


- H characteristic 
t < 1] 

Nn ne 

The 

10W <8 Tl ’ 

q #§ cS 

"9 me shown in Fig. 

10 a 








iples are 


n as close to the surface as possible. 
mounted 


couples are usually mounted in the head and side wall of 


At least 
various points from the 


10 


at 


center of the piston head to the lower edge of the piston 
Chis gives a sufficient number of points for plotting 
temperature 


curve for that piston. 


sually, one thermocouple is mounted immediately under 
iston head but this is not necessary as the heat loss to 
ir at this point is so small as to be negligible. 
results of the tests can be presented graphically as 
4, the piston temperatures being plotted 
gainst the longitudinal section of the piston. 
f plotting the results gives considerable information per 
taining to the heat flow through the piston. 


This method 


If the tangent 


to the temperature curve at any point makes an angle 
with the horizontal axis of the graph, the tangent of this 
angle gives the rate of change of the piston surface tem 
perature. Then the product of any section area, the co 
efficient of heat transfer of the material, and the tangent 
of angle & at the point where the section line intersects the 
temperature curve will give the 
tudinally through that section. 

area 


rate of heat flow longi 
Also the quotient of the 
ABCD, between the piston and water temperature 
curve, divided by the net piston length gives the mean 
temperature difference causing heat to flow from the piston 
surface to the cooling water. Knowing the quantity of 
heat flowing to the water, the surface area of the piston, 
and the mean temperature difference between the piston 
surface and cooling water, the overall coefficient of heat 
transfer from the piston surface to the cooling water can 
be easily determined. 

The results shown in Fig. 4 were obtained from the 
standard aluminum piston on the test bench. The heat 
distribution across the top of the piston is excellent because 
of the thick section of the head. The flat slope of the piston 
temperature curve extending the full length of the piston 
shows good distribution of heat to the rings and full 
utilization of the piston-wall surface below the rings for 
transferring heat to the cylinder wall. This is obtained by 
the thick skirt section in this piston and the high con 
ductivity of the piston material used. 

The effect of certain variables, 
movement, 


such as blowby, piston 
and gas density above the piston can be neg 
lected on the test bench inasmuch as these factors should 
be constant in any one engine for comparative purposes. 

Data obtained from this test procedure were used as a 
basis for the design of two different types of cast-iron 
pistons. 

Piston A is a ribbed-head type in which the area back of 
the rings was restricted to limit the amount of heat flowing 
to the rings during the combustion and expansion period 
of the cycle. Data collected 
this type of construction. 


from other engines favored 
Piston B was designed on the basis that, since the heat 
density of the piston-head increases directly with the radial 
distance from the center, the metal thickness in the head 
and the 


should also increase from the center to the edge; 







































T T | T a a T T y | | ~ 
— eee 900, x 900, | =. 
§ s00_| 
800 2 | 
rhe -——— + —__+ ; a rn + — + + + — 
an L| | jag loo! | | | | i | | | { {| 
5 | | leod Blood | | | | | PTT 
i. ic —_— pe & 500 < a ————EE 
78 ee Bane 
yy i - + _—_|_1308 § 300, ——— fa — 4 ERY 
a q 2 200 | | | ? 
ey ST AATER FEO — 1 
C1 | | woSvoq | | | | | | | | | 4 oe 
rife 4 x a , ct © « w« 2s *€ a Fig. 4-Effect of heat 
‘4 : Y RADIUS HICHES PUSTON LENGTH HICPIES flow on temperature of 
AA : 


Loa 
eens nar 





aluminum piston — piston 
temperature plotted 
against longitudinal section 











of the piston—l. H. C. 


piston test bench 






























































a Fig. 5—Experimental cast-iron Piston A-434 x 6!/2, 4-cyl diesel 
engine 


metal thickness back of the rings should equal the head 
thickness at the junction with the head, and should then 
taper to minimum thickness at the skirt. 

The ring size, the number of rings, and the total piston 
surface of the two pistons are identical. 

Piston 4 is shown in section in Fig. 5. The head section 
of this piston is comparatively thin except for a ring-shaped 
heavy section located directly under the point where the 
high-temperature gases impinge on the piston top. The 
heavy section and six equally spaced, 3/16-in. thick ribs 
connecting this section with the full length of the ring belt 
quickly diffuse the concentration of heat directly under 
the prechamber. The thickness of metal back of the rings 
is limited and this section of the piston is joined to the 
head section by a comparatively sharp fillet. This construc 
tion is designed to limit the rate of heat flow to the rings 
during the combustion and expansion period. 

When this piston was tested in the engine the ring tem 
peratures were found to be satisfactory. But, after 100-150 
hr of full-load operation, considerable carbon formed under 
the piston head, indicating that the head temperatures 
were high. The metal thickness in the head was then 
increased and the piston as shown in Fig. 6 was accepted 
for production after satisfactory completion of the required 
engine tests. 

Two sections of Piston B are shown in Fig. 7. The 
preliminary engine test performance of this piston was 
quite satisfactory. But at the end of 600 hr of full-load 
operation all of the top rings were either partially or com 
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a Fig. 6—Cast-iron production piston—434 x 61/2, 4-cyl diesel 
engine 









pletely stuck. Excessive carbon formations were als 
under the piston head. 


The surface temperatures of Piston A, B, and the 
pe , , 


not 


da 


minum production piston observed in the bench tests ay, 
compared in Fig, 8. The heat input is held constant {o; 


the two iron pistons but is slightly higher for the alum 
num piston. The cooling water temperature was hel 


constant for the three pistons. The temperature at th 
center of the head in Piston B is 200 deg lower than fo; 


Piston 4 and the top ring temperature is 15-25 deg low 


of the aluminum piston is 300 deg lower than for Pisto 
B. The top ring temperature is 80 deg lower, but the ten 


perature of the remainder of the rings is higher than fo 


Piston B. 





However, the temperature of the remainder of the rings \ 
higher than for Piston 4. The temperature at the center 


The steep slope of the temperature curves for the iro; 


pistons shows the combined effect of the lower conductivity 
of the material and the smaller cross-section area in th 


€ 


head and back of the rings. Since there is very little he 












































a Fig. 7—Experimental cast-iron Piston B-434 x 6!/2, 4-cyl diese 


engine 





transterred trom the piston skirt of these pistons becaus 


of the very thin skirt section, the effective area for | 


less than one-half that of the aluminum piston. 
There are two factors in all three pistons that are ident 


cal, namely, the surface area of the head and the outside 


surface area of the barrel portion of the piston. As t! 
heat loss from the inner surface of the piston is negligib 


the outer wall surface is the only area from which heat 


can be dissipated to the cooling water. Since the mr 


dimensions are identical in the three pistons, the onl 
factor that can vary the rate of heat transfer from the piston 


to the cylinder wall and to the cooling water is the pist 
clearance and the clearance of the rings in their groove 


In this particular case the coefficient of heat transfer frot 


the aluminum piston to the cylinder wall was found | y | 
about 9% less than from the iron pistons, due to obvicl 
differences in ring and piston clearance. 

Comparing the temperature curves of the three { 
in Fig. 8, it is interesting to note that the averag 
temperature in Piston B is the highest of the three. 


Cd 
transfer from the iron-piston surface to the cylinder wall 1s 


y 


S 


¥ 


Top Ring Average King 
Temperature, F Temperat 
Piston .4 530 394 
Piston B 503 402 
Aluminum 423 282 
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THERIAO- COURLE POSITION -/N PISTON SECTION 


[he difference between the heat transfer characteristics 
of the two iron pistons is more apparent in Fig. 9. Here 
both pistons are operating under identical flame tempera- 
ture and flame turbulence conditions and with the same 
mass rate of flow of the cooling water. These conditions 
more nearly approximate the engine conditions during 
combustion when operating at full load and constant speed. 

Piston B, because of its greater conductivity due to the 
effect of the heavier edge section in the head and the 
heavier cross-section back of the rings, is now transferring 
8% more heat than Piston 4. To dissipate this extra heat 
it is necessary for the ring belt temperature to increase, 
the result is, Piston B is operating with higher top ring and 
average ring temperature but with lower head temperature 
than Piston 4. 

The mean piston-head top ring and average ring tem- 
peratures in the two pistons are as follows: 

Top Ring 
Temperature, F 
Piston A 530 
Piston B 547 


Of further interest is the fact that the 34 deg increase in 


Average Ring Mean Piston Head 
Temperature, F Temperature, F 
394 800 
428 700 


3*—* ALUMINUM PRODUCTION PISTON 
HEAT FLOW DENSITY ON PISTON HEAD= 
16.35 87.U./FT*/ SEC 


OF COOLING WATER HELD CONSTANT 

_|. /0-© JRON PISTON A HEAT FLOW DENSITY 
ON PISTON HEAD 15.4 BT.U/FT ?/SEC 

2@- /RON PISTON 'B HEAT FLOW DENSITY 


BTU /FT? SEC 

a Fig. 8—Effect of mater- 
ial and design on piston 
surface temperature —tem- 
perature curves for pistons 
A, B, and aluminum piston 
-1.H.C. piston test bench. 
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SECTION 


CAST /RON 
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SECTION 


PRODUCTION 
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average ring temperature and 8% increase in heat flow 
through the piston represents only 0.25 deg increase in 
cooling water temperature. This furnishes some indication 
of the reason for top ring sticking in Piston B when on 
endurance test. 

The sharp increase in the slope of the Piston A temper 
ature curve just above the top ring is caused by the limited 
cross-section of metal back of the ring restricting the heat 
fiow to the ring belt. This results in lower mean ring belt 
temperature during the cycle. The restriction also holds 
down the temperature of the lower rings and allows cooler 
oil to reach the top ring. The oil ring is also operating at 
much lower temperature. 

Now the process of heat input is a cyclic affair, -with 
maximum rate of heat flow into the piston occurring 
curing the combustion and expansion period and with heat 
loss from the piston during a considerable portion of the 
intake period. Since the engine speed is constant in the 
case under consideration, heat is transferred to the piston 
in impulses of fixed duration and this governs the amount 
of heat absorbed during each cycle. The rate at which the 
temperature of the piston head rises as a result of this heat 





a Fig. 9- Effect of longi- 
tudinal cross-section on sur- 
face temperature of cast- 
iron pistons A and B- 
1.H.C. piston test bench, 
with both pistons operat- 
ing under identical flame 
temperature and flame tur- 
bulence conditions and with 
the same mass rate of flow 
of cooling water 
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flow through it, varies directly as the ratio of the conduc- 
tivity of the material, to the product of the specific heat 
and density of the material, and inversely as the volume 
of material in the head. Therefore, an increase in the 
volume of the head without changing the area of the 
section back of the rings will give lower head temperature 
without noticeably increasing the rate of heat flow through 
the piston. The ring temperatures will then remain un 
changed. This set of conditions was obtained when metal 
was added to the head of Piston 4 to make the satisfactory 
production iron piston shown in Fig. 6. 

The use of ribs properly dimensioned and _ properly 
located definitely improves the conductivity and distribu- 
tion of heat in an iron piston. This is particularly true 
where localized high temperatures are encountered in the 
head section. The ribs make it permissible to use con 
siderably less metal in the head without overheating. 

The rate of temperature rise from cold is practically the 
same for both Piston 4A and the aluminum production 
piston due to the difference in mass in the piston heads. 
For standby idle, the iron piston appears to maintain a 
higher mean temperature than the aluminum piston. 


@ Conclusions 


1. Bench tests for pistons, when properly correlated with 
actual engine operating conditions, can be used success- 
fully for heat-flow and piston temperature determinations 
and will furnish reliable data for piston design. 


2. Definite control of the heat flow to the rings is neces- 
sary in diesel iron pistons and can best be obtained by 
limiting the area of the cross-section immediately above the 
top ring or back of all the rings. 


3. The piston rings are only 65 % as effective as the ring 
lands and skirt of the pistons, for transferring heat from 


the piston to the cylinder wall. The larger the ring clear- 
ance the less effective the rings become. 


4. The thermal break between the piston surface and 
cylinder wall has the lowest coefficient of heat transfer of 
any point in the path of heat flow from the piston-head 
surface to the cooling water and constitutes the major 
restriction to heat flow through the piston. 


5: The proper use of ribs in the piston head definitely 
improves the conductivity of the piston and promotes 
uniform heat distribution in the cast-iron piston with a 
minimum of material. 


APPENDIX 
Test Bench 


Description — The test bench used for this work is simi 
lar in many ways to the apparatus described by Huebotter.1 
The heating element is a Meker blast-type gas burner 
modified to give a wide range of flame areas and fuel 
consumption. An oxyacetylene torch or brazing torch can 
also be mounted on the stand for study of the effect of 
highly localized heat input. 


The piston is located at the top-stroke position in the 
cylinder sleeve and held centrally in the sleeve by three 
small wires, giving uniform clearance all around the piston. 


1 See ‘Flow 


of Heat in Pistons,” ty H. A. 
Young. 


Huebotter 
Purdue University Bulletin No. 25, 


and G. A 
December, 


1925. 





The top of the cylinder sleeve is insulated from the flan, 
The water jacket is only slightly longer than the pis. 
to be tested. The water jacket is detachable and a num}. 
of water-jacket shells are available with different insi¢, 
diameters in order to obtain a range of water-flow velocitis 
without changing the mass flow rate of the cooling wat; 
The water enters and leaves the jacket through six p; 
sages equally spaced around the cylinder. This assy 
uniform circulation and turbulent flow. The temperaty; 
rise between the inlet and outlet water does not excee; 
3.00 deg, and accurate temperature measurements are , 
tained by the use of thermopiles in the water passages 

Water flow is measured by a volume meter reading 
1/10 gal. 

Gas flow to the burner is held constant by adjustme: 
the pressure to a required manometer reading. 

Procedure —- Thermocouples must be installed in ¢ 
piston with the greatest care. For temperature curves s 
as illustrated, the thermocouples should be placed as 
to the piston surface as possible. In order to disturb | 
cross-section of the piston as little as possible by drill | 
a No. 28 gage (0.0125) iron and iron-constantan wir 
used. 

The piston when taken from the engine should be th 
oughly cleaned. When installed in the test bench sleeve t 
oil film on the sleeve and piston should be no greater t! 
is observed on the engine after shutdown from full loa 

The entire test stand and particularly the cooling wat 
should be at equilibrium temperature before check reading 
are taken. Because of the very small difference betwe: 
the inlet and outlet water temperature, thermopiles gradu 
ated to at least 0.05 deg should be used. 

The flow rate of the cooling water must be quite ur 
form at any adjustment. 


























































DISCUSSION 


Suggests Minor Changes 
In Pistons Tested 















—T. M. ROBE 
Fairbanks, Morse & Co 


R. BRYAN’S paper forms an interesting and up-to-date su 
ment for diesel application to the work done by Huebotter 
Young.’ 


























Similar investigations have been conducted by other manu! acturet 
and oil companies both individually and in cooperation with ¢ 
other. It is of particular interest to the company which I represent 
inasmuch as we have engines of similar size, namely 4/4 x 6 operat 























ing at 1200 rpm, in which we use aluminum pistons for the 
and 2-cyl combinations and cast iron for the 4-, 6-, and 8-cyl sizt 
The results of our investigations are in close accord with Mr 
findings. 

















The method used is fundamentally sound and, as Mr. Bryan point 

out, even though the actual working cycle is made up of a 

number of rapidly changing thermal conditions, the average « 

per cycle is constant and, therefore, can be approximated b 

bench test, provided coordinating check tests are performed 
It is obvious that piston design must first give sufficient st 


second be sufficiently light to avoid excessive unbalance, a! 
" 







be correct from a temperature standpoint. Because of an are! 
desire for brevity Mr. Bryan has omitted an analysis of some of t 
considerations in his comparisons of the cast-iron and a 


pistons. In other words, the section of the cast-iron piston head mig* 
well have been different had it not beert for weight considera 


The reference to the silchrome insert in the piston head was inte! 
esting for this has been tried by many of us at one time or 


concluded on page 54 
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SDIFFICULTIES with 


PENGINES INSTALLED in C 


y 


IVIL AIRCRAFT 


by STEPHEN H. ROLLE 


Civil Aeronautics Administration 


The opinions expressed in this paper are those of the 


author and do not necessarily represent the views of the 


with engines installed in all types of civil aircraft. 


Civil Aeronautics Administration. 


N attempt has been made to summarize briefly in this 
presentation the difficulties that are being experienced 


This 


+} 


mmary covers the two-and-one-half-year period from Jan. 


j1, to June 30, 1943. Much of the factual information 
} 


lat is being presented was compiled from those forms 


have been submitted to the Civil Aeronautics Ad- 


inistration to report engine failures or accidents resulting 
rom such failure. 


No particular attempt will be made to 


lescribe the forms or the procedures employed by the Civil 


ler 


mautics Administration in obtaining this information 
se it is believed that these points are not of sufficient 


nportance for the purposes of this study to warrant their 


led explanation. 


view of the wide differences in engines and operating 
1aintenance procedures employed in air-carrier and 
n-air-carrier operations, the engine failures experienced 
two types of operation will be discussed separately 

1 comparisons will be made wherever possible. 


® Failures — General 


Uhe discussion that follows is based primarily on a total 
63 reports of engine failures which occurred during 
two-and-one-half-year period covered by this summary. 
his total, 3305 failures occurred in air-carrier operation, 
the remaining 2658 were experienced in non-air- 
operation. However, it should be noted that these 
igures form no real basis of comparison, since the 
trier Operators are required to report all difficulties 
tered which result in an interruption or delay in 
Non-air-carrier operators, on the other hand, 
juired to submit reports only in case of an actual 
Obviously, the number of non-air-carrier diffi 
recorded would be many times higher if complete 


paper was presented at the SAE War Engineering — Annual 





HE trend of engine failures of all types, in 

terms of number per 1,000,000 miles of oper- 
ation or per 1000 aircraft licensed, has been ris- 
ing steadily in both air-carrier and non-air-car- 
rier operations, although a decline in frequency 
has been noted of late in the air-carrier group. 


The principal increase in air-carrier operation 
has been due to an epidemic of spark-plug fail- 
ures. The frequency of the remaining types of 
failures is noted to have been fairly constant in 
recent years. The same is generally true of struc- 
tural engine failures in air-carrier service. 


The most frequent type of failure in private 
operation is idling failure. However, idling fail- 
ures do not entirely account for the increasing 
frequency of failure, since a rising trend is also 
noticeable in the number of difficulties exclusive 
of those in the idling category. Structural fail- 
ures per unit number of aircraft in private oper- 
ation also follow the same trend. 


THE AUTHOR: STEPHEN H. ROLLE is chief of the 
Powerplant Section, Aircraft Engineering Division, Civil 
Aeronautics Administration. A graduate of both the Uni 
versities of Arizona and Pennsylvania, Mr. Rolle wa 
ciated with the Aeronautical Engine Laboratory at the Naval 
Aircraft Factory from 1929 to 1936 as project engineer, after 
which he joined Kinner Airplane & Motor Corp., Ltd., as 
chief test engineer and later acting chief engineer 
named chief project engineer (powerplants) at the 
Coast Aircraft Engineering Branch office of CAA in 
and four years later assumed his present position. 
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records of all mechanical troubles causing interruptions or 


delays in flight operations were available. 





Other reasons why no valid basis of comparison exists 
between total numbers of air-carrier and non-air-carrier 
difficulties recorded, are the fact that no accurate estimate 


Detroit, Jan. 11, 1944.] 


' ‘ : : mise us 
Powerplant Section, Aircraft-Engineering Divisior 

















can be made ot the number of engine 


hours that are in 
volved in the non-air-carrier operation. 


Furthermore, few 
engines in air-carrier Operation at present are rated at less 
than goo hp, while the great majority of engines used 1 
private aircraft lie in the class below 200 hp and even a 
very large number are below go hp. 

A summary of these failures and their results are shown 
in Tables 1 and 2. Briefly 


, It is shown that in air-carrier 
operations, they 


caused seven forced landings in which 
three airplanes were damaged, but no personnel injuries 
occurred. It is certainly a credit to engine and aircraft 
manufacturers and to the airline operators that in approxi 


Table 1 


- Results of Engine Failures in Air-Carrier Operations 





Number of 


Personnel injuries 
Engine 


Forced Airplane mn 
(Classification Failures Accidents Landings Damage Injuries Fatalities 
Structure 8 792 2 5 2 0 0 
Fuel system... 143 0 0 0 0 0 
Ignition system 1895 0 0 0 0 0 
Lubrication system 310 0 0 0 0 0 
Personnel 118 0 1 0 0 0 
Undetermined... . 47 1 1 1 0 0 
Total 3305 3 7 3 0 0 











Table 2 ~ Results of Engine Failures in Non-Air-Carrier Operations 


Number of 
Personnel Injuries 
Engine Forced Airplane —————~—— 
Classification Failures Accidents Landings Damage Injuries Fatalities 

Structure. . 1132 228 887 265 23 3 
Fuel system... 919 505 987 752 84 5 
Ignition system 156 95 135 97 12 1 
Lubrication system. . 67 27 56 31 3 2 
Personnel : 136 80 121 84 6 3 
Undetermined. . . 248 215 230 230 59 22 
Total. 2658 1150 2416 1459 187 36 





mately 340,000,000 miles of operation during a period of 
two-and-one-half years there were no injuries resulting 
from engine failure. 

In non-air-carrier operation, the results of the reported 
engine failures were more pronounced. The 2658 failures 
in this category of operation caused 2416 forced landings, 
1150 accidents, 1459 airplanes to be damaged, 187 person- 
nel injuries, and 36 fatalities. 

The general trend of engine failures has moved upward 
since 1937. In Fig. 1, line 4 shows the total number of 
engine failures experienced in air-carrier operation per 
1,000,000 miles flown. Line B shows the same conditions, 
except that spark-plug difficulties have been excluded. It 
will be noted, therefore, that the epidemic of spark- plug 
trouble encountered by the airline operators since 1940 is 
clearly reflected in the chart by the large area between lines 
A and B. Line C has been drawn to show this same type 
of comparison for engine structural failures only. It is to 
be noted that — structural failures have numbered 
between 2 and 2.5 per 1,000,000 miles flown since 1939. 

Exact figures for miles flown by aircraft in the non-air- 
carrier category are not available. However, approximately 
16,000 miles per airplane per year is estimated as a valid 
figure for the year 1940, before private flying restrictions 
were put into effect due to the war. Estimates for 1941 
and 1942 are 13,000 and 12,000 miles per airplane per 
year, respectively. 

For the years 1941, 1942, and the first half of 1943, the 
number of private aircraft licensed were 24,100, 22,300 and 
22,400, respectively. 

Using the above values of airplanes certificated and the 
estimated mileages in private flying, approximate values 


NUMBER 


in ee aes 
1937 1938 1939 


of airplane miles per year can be arrived at and estima 
can be made of the number of failures encountered » 
million miles of operation for a rough comparison wit 
The estimated values for private ai 
craft for 1941 and 1942 are, therefore, slightly over thr 
and slightly over four failures, respectively, per millic 


air-carrier figures. 


miles of operation. 


Although this compares very favorably with the co 
responding values for air-carrier operation it must be r 
membered that the reports of difficulties in private flying 
represent far from all the troubles actually encounter 
These estimates can, therefore, only be considered repr 
sentative of trends rather than of actual failures encou: 


tered. 


Due to the fact that the mileage figures for private flyin; 
are only approximate at best, a slightly different approac 
has been taken in showing the trend of failures in privat 
Therefore, Fig. 2 
of each 1000 airplanes certificated. 
total number of failures in non-air-carrier operations ‘0 
each 1000 certificated aircraft between 1936 and the hrs 
Since, 


operation. 


six months of 
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a Fig. 2—Number of engine failures per 1000 aircraft certific 
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es stopping in flight during idling or closed-throttle 
itions is the greatest single difficulty that is being 


iced, line B has been added to make a comparison 
ia particular failures excluded. Line C shows 
ect of engine structural failures only. In general, 
be noted that failures per each 1000 airplanes cer- 
have increased since 1940. The reasons for this 


| appear to be largely attributable to the unusual con- 


under which operations are conducted during the 


nt emergency. 
ortages of equipment and personnel have necessarily 


1 in longer periods between overhaul, extended use 
tionable parts, use of inexperienced maintenance 
1el, and the like. Rapid expansion of flight training 
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programs has increased the proportion of total hours which 
is represented by flight training time. All these factors 


would be expected to contribute to the increased frequency 
of engine failures. 


Fig. 3 shows in broad classifications the total number of 
engine failures experienced in air-carrier and in non-air- 
carrier operations during the two-and-one-half-year period 
covered by this survey. The cross-hatched bars show the 
failures encountered in non-air-carrier service and the solid 
bars show those reported for air-carrier operation. The 
large number of ignition failures shown for air-carrier 
operation are not as alarming as it might appear from ex 
amination of the data shown on this chart. As previously 
intimated, most of the ignition failures experienced in air- 
carrier service have been annoying spark-plug difficulties. 


w Structural Failures —- Carrier Operation 


Fig. 4 shows a breakdown for the structural failures ex 
perienced with engines in air-carrier service. It will be 
noted that exhaust-valve and piston-ring difficulties were 
the most predominant and that considerable trouble was 
also encountered with failures of cam assemblies, cylinder 
heads, rocker boxes, master-rod bearings, and pistons. The 
164 failures under tte classification “all others” include a 
summation of a number of types of failures whose fre- 
quency was relatively low. The remaining failures listed 
in Fig. 4 were so few in number that no further discussion 
will be devoted to them. 


Exhaust Valves — Exhaust-valve failures and difficulties 
accounted for approximately one-third of all the engine 
structural failures in airline service. These failures oc- 
curred more frequently during the early part of the two 
and-one-half-year period considered by the survey. Break 
ing, burning, and sticking of exhaust valves necessitated 
more frequent cleaning and reaming of valve guides. Basic 
corrections for these failures are being studied, and thus 
far the most promising results have been attained by the 
application of schemes designed to reduce or eliminate 
deposits on valve stems. Such schemes consist of the use 
of seal rings or scraper rings in the valve guides. Some 
of these scraper rings also have been made to act as shields 
for the lower end of exhaust guides to prevent erosion at 
this portion of the valve guide and to shield the base metal 
of the cylinder head at this locality. These scrapers and 
shields have been made of steel. Also, it has been found 
beneficial to use a nickel-chrome coating on exhaust-valve 
heads and seating faces to provide protection against ero- 
sion and at the same time enable better seating of the valve. 

A few intake- and exhaust-valve-stem failures have been 
reported to be due to improper or poorly fitted valve-spring 
retaining locks and to imperfections in the walls of the 
sodium chamber, respectively. 

Piston Rings —- Difficulties with piston-ring burning, 
wearing, feathering, and breaking were most predominant 
about one or two years ago. These difficulties have been 
alleviated somewhat by the use of stronger porous-chrome 
plated top rings, the general use of wedge-type rings to 
resist sticking tendencies, and lapping of cylinder bores. 


Cam Assemblies — The cam-assembly difficulties that have 
been encountered resulted from cam-gear-tooth failures, 
sticking cam followers, and excessive wearing of cam 
lobes and tappet rollers. These troubles have been reduced 
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through increased clearance and better lubrication of the 
tappet guides, reduction in cam-gear loading by the use 
of dual drives, better control of depth and hardness 
gradient of hardened surfaces, and reduction in valve- 
spring loads by more judicious selection of valve springs. 


Cylinder Heads — Most of the cylinder-head failures re- 
ported were experienced with heads of an early design. 
Casting porosity and general weakness were the principal 
causes of these failures. The engines that incorporated 
these cylinder heads have now been equipped with heads 
that are apparently free of such defects and weaknesses. 


Master-Rod Bearings - Some master-rod-bearing difficul- 
ties were claimed to have been due to oil starvations result- 
ing from air locks. Since in some instances master-rod 
bearings with poor bonding between the bearing metal and 
the steel backing have been found, it is believed probable 
that most of these failures were due to defective bearings. 
The use of X-ray inspection plus use of silver-coated bear- 
ings have resulted in considerable improvement. 

Pistons— The difficulties that have been encountered 
with pistons have resulted from detonation, metal fatigue, 
and failures of piston-pin plugs or lock rings. Improve- 
ments have been made to overcome all obvious sources of 
these difficulties, such as avoiding the use of pistons with 
excessive diametral clearance, redesign of piston-pin locks 
and plugs to prevent loosening, and reduction in stress 
concentrations by the use of generous radii at corners and 
at fillets. 


Rocker Boxes 


on Fig. 


Most of the rocker-box difficulties shown 
4 occurred on an engine in which no provision 
was made to allow for expansion of the rocker box housing 


along the rocker shaft. The shaft 


rocker-arm and its 





method of support were subsequently modified 




















‘ © alloy 
expansion of the rocker box at operating temperatures 
m Structural — Non-Air-Carrier Aircraft 

It will be noted from Fig. 3 that for non-air-cars 
operation structural failures were the most prominen; ¢ 
the major categories of failures shown. As shown in th 
detail breakdown in Fig. 5, exhaust-valve, cranksha} 
cylinder-head, cylinder-barrel, link-rod, piston, and intake 





valve failures are the most outstanding. 





Exhaust Valves — Most exhaust-valve failures occurred » 
the stem near the head of the valve. These failures hay 
been variously attributed to forging defects, marginal ¢, 
sign, poor inspection during engine overhaul, valve stick 
ing, improper valve-spring characteristics, over-speeding 
and overheating from unusually severe operation. Pr 
cautionary measures, such as inspection for machining de 
fects, maintenance of proper clearance in the valve guide 
periodic use of valve lubricant, and changes in operating 
procedures, have proved beneficial but not entirely ade 
quate. The most promising results have been obtained in 
instances where the valve material has been changed. How. 
ever, the present priorities on materials of higher hea 
resistance have made it generally impossible for manufa 
turers of low out-put engines to improve on valve material 
at this time. 


















































Crankshafts — Crankshaft failures have been quite preva 
lent in non-air-carrier operation, as will be noted on Fig.« 
Such failures occurred most frequently at crankcheeks 
crankpins, and at the propeller shaft at or immediately ait 
of the propeller. Most of the latter failures were exper 
enced with engines having tapered propeller shafts. Fa 
ures with tapered shafts usually resulted from cracks 
originating at the end of the keyway for the propeller 
hub key. Frequent lapping of the propeller hub to th 
tapered shaft has proved beneficial. Shot blasting, im 
proved workmanship, generous fillets at corners, and wider 
applications of finishing operations have been found to & 
generally helpful. However, there are still many refin 
ments possible in the design and testing of crankshatfts for 
low- and medium-output aircraft engines. These will 
discussed later. 
























Cylinder Barrels— Most of the cylinder-barrel failur 
that are shown in Fig. 5 were experienced with cylinder 
that are detachable from the crankcase. These failures have 
been attributed to stress-raisers near the base of the mount: 
ing flange, loose cylinder holddown nuts, studs and | 
washers, and soft-base gaskets. 
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ises - The crankcase failures experienced in non- 
‘ir operation were confined to a relatively few types 
The difficulty was due in some instances to 


yt > 

fat ings and in others to marginal design. Remedial 
me have been instituted in all cases and these crank- 
cas yeing replaced with improved parts. 


( ler Heads—Some of the cylinder-head failures 


shi n Fig. 5 were the result of defective castings, strip 
pin spark-plug threads in the aluminum-alloy heads 
wh lid not incorporate threaded inserts, and improper 
tec in removing and re-installing shrunk screwed 
heac ‘ther failures are believed to have been due to the 
marginal strength of certain cylinder heads in not being 
wholly capable of withstanding the intensive operation 
which is now characteristic of pilot training. The cause of 
some of these cylinder-head difficulties has been eliminated 
by the use of bronze or heli-coil inserts in the spark-plug 
holes and by modification of the head ‘pattern to enable 
more successful casting. 

Link Rods—'TThe link-rod failures that have been re- 


ported for non-air-carrier operations were mostly attrib- 
utable to improperly fitted knuckle pins, inadequate surface 
finishing, and to failure to inspect or replace link rods at 
proper intervals. 

Aluminum-alloy rods in certain engines are being re- 
placed with steel rods. Shot blasting and the removal of 


flash marks on some rod forgings also seem to have proved 
beneficial. 


Pistons — The piston difficulties consisted of cracked pin 
bosses, cracked ring-groove sections, burned heads and ring- 
groove lands, and piston seizure. Material defects, exces- 
sive diametral clearance, marginal design, and overheating 
resulting from intensive operations were the cause of these 
dificulties. Pistons of marginal design are being inspected 
periodically for cracks and are gradually being replaced 
with stronger parts. Changes in operating procedures have 

d beneficial and improved inspection procedures at 
manufacturing source have precluded the use of defec- 
pistons that may otherwise have failed in service. 


he 


intake Valves — The intake-valve failures experienced in 
lon-alr-carrier operation occurred primarily at the spring 
ning collar near the end of the valve stem. Such fail 
isually occurred with valve stems that incorporated 
narrow grooves for the valve-spring retaining lock. It is 
that fatigue nuclei, which are formed at these 
W grooves, were responsible for many of the failures. 
perly fitted valve-spring locks were also believed to 
ontributed to these failures. The use of a single wide 
groove with well-rounded corners and properly fitted spring 
locks have proved superior to the multi-narrow-groove 
ment previously used. Other factors, such as mate 


ures 


lieved 


ive sticking, and the use of improper valve springs, 
vere discussed previously under exhaust-valve fail 
contributed to the failure of intake valves. 


® Icnition — Air-Carrier Operation 
general difficulties shown on Fig. 3, it will be 
it considerable ignition trouble has been experi 
dir-Carrier Operators. 
hows a breakdown of these failures or difficulties. 
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Spark-plug fouling and shorting in ignition harnesses were 
the most prominent sources of difficulty. Magneto tail- 
ures, burning of breaker points, and the burning of spark- 
plug-insert connections also presented some problems. 


Spark-Plug Fouling — Spark-plug fouling difhculties were 
much more prevalent during the early part of the two-and- 
one-half-year period covered by this survey. The transition 
from the exclusive use of mica plugs to the general use of 
ceramic-insulated plugs accounts for the greater degree of 
difficulty that was experienced during early part of this 
period. During this transition period considerable experi 
mentation was done to develop a ceramic plug with the 
proper heat range and in the process of this development, 
it was natural to expect a large number of reports of difh 
culties. The different procedures involved in the handling 
and maintenance of the more fragile ceramic plugs also 
contributed to the difficulties encountered. 

In some instances, it has also been found possible to 
increase the life of spark-plug electrodes greatly by the 
addition of a resistor in the center electrode in the spark 


plug barrel. 


Ignition Harnesses — The principal difficulty with igni 
tion harnesses has been shorting due to the accumulation 
of moisture in the harness. The ventilation of harnesses to 
prevent the accumulation of moisture has proved successful. 
Several means of ventilation have been tried, but the most 
successful has been the pumping of chemically dried air 
through the ignition harness. The excess pressure supplied 
inside the harness also assists’ in decreasing corona effects. 


Magneto Breaker Points—The burning of magneto 
breaker points is believed to be due to the accumulation 
of oil at the breakers and in the breaker housing. This 
difficulty is being overcome by carefully preventing the 
accumulation of oil, cleaning fluid, and oil fumes in the 
breaker housing. Forced ventilation from blast tubes is 
proving successful in this respect. 


Spark-Plug Inserts —-Spark-plug inserts are now being 
fabricated from ceramic materials, and outside of occasional 
breakage due to vibration or handling, few difficulties have 
been experienced as compared to the troubles that were 
encountered with the burning of the mica and _ bakelite 
inserts that were used previously. 

Magneto Coils — Due primarily to the safety that is asso 
ciated with two independent ignition systems used on all 
engines in air-carrier operation, magneto-coil failures have 
been infrequent and have not resulted in damages. As a 
result, no changes have been made to improve noticeably 
the reliability of the magneto coils used in aircraft engines. 


m Lubrication System — Carrier Operation 


Fig. 7 shows a breakdown of the lubrication system difh- 
culties shown on Fig. 3 for air-carrier operation. These 
troubles have been confined mainly to such difficulties as 
sticking of oil-pressure relief valves and general oil leakage 
at various points on the engine, particularly at rocker-box 
covers. 

The use of relief valves less susceptible to sticking and 
the use of oil filters are proving successful in surmounting 
the difficulties that have been experienced with sticking 
and malfunctioning of oil-pressure reliet valves 
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Fig. 7—Engine lubrication system failures in air-carrier opera- 
tions — Jan. i, 1941 to June 30, 1943 





Oil leaks have always been somewhat of a problem. An 
epidemic of this trouble resulted from a number of poorly 
seating rocker-box covers. During this epidemic, it was 
found necessary to lap these rocker-box covers periodically 
until sturdier covers were made available for use. 


@ Fuel Systems — Non-Air-Carrier Operation 


From Fig. 3, it will be noted that the next most promi- 
nent source of difficulties with engines used in non-air- 
carrier aircraft is fuel system difficulties. 


Fig. 8 shows that fuel-system failures consisted primarily 
of idling failures, icing, and other carburetor difficulties 
such as float sticking and loose float needle valve seats. 


m Idling Failures 


This category of failures is considered to include engine 
stoppages which usually occur during closed- or reduced- 
throttle operations, such as are encountered in landing 
approach glides, practice spins, power-off stalls, and the 
like. They are due, principally, to excessive cooling off 
ind loading of the engine and are most prevalent in small 
engines in the class of 90 hp and below. 

Reference to Fig. 9 will show the trend of idling failures 
since 1937. It is of interest to note that the date of the 
inauguration of the Civilian Pilot Training Program co 
incides fairly closely with the point at which the curve of 
idling failures shows an abrupt rise. In this connection, it 
is worth mentioning that approximately 80 % of all idling 
failures involve student pilots. The reason, aside from the 
relative inexperience of students, is also the fact that flight 
training includes an extensive program of practice of 
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a Fig. 8—Engine fuel system failures in non-air-carrier operations — 
1941 to June 30, 1943 


Jan. |, 






power-off maneuvers, such as simulated forced |andin 
spins, stalls, and the like, which are exactly the : 


maneuvers under which idling failures are most |ike! 
occur. 


In an effort to combat the rising tide of idling failure. 
the Civil Aeronautics Administration, in conjunction with 
engine and carburetor manufacturers, issued instruction; 
cautioning pilots of the tendency of low-output engines y; 
stop during closed-throttle operations. Since dirt, dust, and 
the entrance of other foreign particles into the carburetor 
clogging idle jets, was found to be one of the contributing 
causes for such failures, these were also discussed in the 
above-mentioned instructions. 


Further reference to Fig. 9 will show that the dates of 
the issuance of the various bulletins are indicated thereon, 
It is also interesting to note that the frequency of reports 
of idling failures shows a decline shortly after this educa 
tional campaign was begun. Of course, no attempt is being 
made to give all credit for this favorable decline to the 
issuance of these bulletins. However, it is felt that they 
played their proper part in alleviating this situation and 


that further educational efforts will prove of additional 


benefit. 


Carburetor Icing —Carburetor-icing difficulties are gen- 
erally attributable to personnel technique. Of the 318 cases 
reported, 262 or 82% were caused either by total failure 
of the pilot to apply heat, or misuse of heat by its tard; 
application, or by use of only a portion of the available 
preheat. Carburetor-icing difficulties are not strictly engine 
failures, but are mentioned here to show the extent of t 


power failures that are believed to be due to carburetor 
icing. 


m Effect of Present Emergency 


It is considered apropos to review briefly at this point the 
effects of the present war emergency conditions on engines 
installed in civil aircraft. 


Air-Carrier Aircraft Engines — As far as the operators ot 
air-carrier aircraft are concerned, it can be safely stated 
such operators experienced no serious difficulties wit! 
spect to the operation and maintenance of engines insta 
in their certificated airplanes. 


Engines in Non-Air-Carrier Aircraft - Operators of en 
gines in non-air-carrier airplanes experienced considera! 
more difficulty. The increase in the lead content of 7 
80-octane fuels and the general unavailability of 
spare parts were the principal difficulties that con! 
operators of non-air-carrier aircraft. 


Low-Octane Leaded Fuels - The use of leaded 
engines designed and developed to operate on sti 
slightly leaded fuels caused considerable difficulty ¥ 
piston rings, valves, and spark plugs, with resulting 
handicaps in the operation of airplanes used in ¢ \ 
Patrol and in the Civil Aeronautics Administration's V 
Training Service program. These difficulties nec 
frequent spark-plug servicing and changes, more 
top overhauls for the purpose of freeing or replaci! 
rings and removing lead deposits from cylindet 
valves and valve guides, and the early retirement 
that were presumably corroded as a result of th 
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| fuels. As will be explained later, replacement 
jificult or impossible to obtain. 
Aeronautics Administration, together with the 
rators and engine manufacturers involved, in- 
the difficulties that were being experienced and 
tly issued Safety Regulation Release No. 148. 
ase was designed to suggest to operators means 
acting and coping with these difficulties. Appar 
seful purpose has been served by this Release 
omplaints with respect to difficulties attributable 
of leaded fuels have diminished greatly in num 
absence of such complaints, however, does not 
mean that this problem has been solved. Oper 
know the difficulties that are preventable and 
th which they must cope by using routine proce 
t have been developed. 


of Scarcity of Engine Replacement Parts — The 
bility of replacement parts for the majority of 
nstalled in non-air-carrier aircraft has considerably 
ped operations of these aircraft. This situation 
due entirely to material shortages. One of the 
factors contributing to the present situation was 
nce of sufficient manufacturing facilities to meet 
for engine parts. After seeking priorities com- 
with the importance of their particular oper 
yperators of these aircraft found that delivery of 
urts generally could not be made until six months 
This condition had, and is 
ig, wide-spreading effects on non-air-carrier oper 
Effects of this general condition are listed briefly as 


rolonged use of worn parts that would otherwise 
e been replaced. 


Extension in overhaul periods. From certain failure 


\ 


{ 


that have been received, it was learned that the 
involved had been operating anywhere from goo 
hr since the last overhaul. The normal operating 
vetween overhaul for these engines varies between 
600 hr. 


ch activity, both authorized and unauthorized, has 


ndertaken to salvage many worn and failed parts. 


perators resorted to chrome plating and metallizing 
re worn parts io their original dimensions. Failed 
ich as crankcases, which could not be replaced 
vere repaired by welding. 


me engines for which spare parts could not be 


were dismantied and the parts were used for 


other similar engines. 


w models of engines for which replacement parts 
ivailable were removed from several hundred air- 
ind entirely different engines released by the milli- 
es were installed instead. In some cases extensive 
ns were necessary to accommodate the latter engines 
necessitated substantiation and recertification of 
lanes as new models. 


ome cases where material shortages were a factor, 
engine manufacturers 


undertook to substantiate 
e of materials that were more readily available. 


ight be expected, these conditions have made it 
or manufacturers of pirate parts to unload their 


1945 
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inventories and find new means for increasing the volume 
of their activity. 


mw Needs — Carrier Aircraft Engines 


In general, the record of engine difficulties encountered 
in air-carrier operation, during the period considered in 
this survey, has been good. However, no one will question 
the f that there both 


fact is 


improvement. 


room for and a_need for 

We have seen that structural failures have accounted for 
the majority of the forced landings caused by engine mal 
functioning and must, therefore, be considered the most 
serious type of engine failure. 

Of the various classes of structural failures, exhaust-valve 
troubles have been the most numerous. Normal advances 
in technology of materials should help to alleviate this 
condition, but improvements in valve lubrication and detail 
design of such parts as valve guides and springs, lock rings, 
and other units affecting valve reliability are necessary. 
The various devices being introduced to mitigate the prob 


lem of stem deposits are steps in the right direction. 


The recent advent of forged cylinder heads should also 
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constitute a distinct advancement for higher output engines 
such as used in air-carrier aircraft. Not only should this 
type of construction provide additional strength at reduced 
weights, but the added cooling effectiveness of closely 
machined fins should contribute to more effective control 
of detonation problems. 


Piston problems, so closely allied with the detonation 
phenomenon, should also benefit by the cooling improve- 
ment that can be expected to result from the use of forged 
cylinder heads with machined cooling fins. Control of fuel 
metering and distribution, however, remains a field in 
which improvement is still necessary. Such improvements 
should aid in the elimination of difficulties attributable to 
detonation. 


In general then, the record of structural failures can be 
improved in two ways. First by improved design and 
technological advances in the field of fuels and materials 
and, secondly, by constant vigilance in inspection proce 


cures to assure a uniformly high standard of production. 














Radiographic and magnetic inspection procedures for vital 
parts are well established as means for detecting defects 
that cannot be eliminated by normal inspection methods. 

The spark-plug difficulties, which have made up such a 
large percentage of all failures within recent years, have 
apparently begun to decline considerably in frequency. 
However, there is a definite need for a spark plug with a 
life approaching at least a reasonable percentage of the 
engine overhaul time for, although spark-plug difficulties 
usually represent relatively little hazard, they are extremely 
troublesome due to the maintenance difficulties involved 
and the delays in schedule that they cause. 


@ Non-Air-Carrier Engines 


Non-air-carrier failure records show a considerably dif 
ferent situation to exist with respect to engine failures. The 
most striking point, although it is far from unexpected, is 
the large number of forced landings caused by engine fail 
ures. This stems from the fact that non-air-carrier aircraft 
are, of course, predominantly single-engine airplanes. As 
has been noted, engines used in this category of operation 
were subject to a higher proportion of failures of major 
components, such as crankcases and link rods, tiian were 
engines in air-carrier operation. 

This problem is allied with the nature of the funda 
mental compromise between cost and _ reliability which 
must be considered in the design of engines for small air 
planes. While low cost is certainly essential for the main 
tenance of a market, it is just as evident that maximum 
expansion of this market is dependent also on the degree 
of safety that is achieved. 


Structures — Present-day crankshafts, for instance, in en 
gines used in small aircraft, are machined in accordance 
with automotive practice, leaving all surface, other than 
journals and crankpins, practically “as forged,” and pro 
viding numerous stress-raisers in the 


form of surface 
irregularities. 


Improvement of finishes, rounding off of sharp corners. 
a certain amount of machining of surfaces that are pres 
ently left in the rough state, and the use of generous fillets 
should go a long way toward preventing many of the 
failures that are now prevalent. More serious consideration 
should also be given to the investigation of vibration char 
acteristics of the airplane-engine-propeller combination dur 
ing development phases rather than waiting for the service 
records, to reveal the presence of troubles of this nature. 
Consideration of vibration characteristics should start in 
the initial design stages of the engine, and follow along 
luring the development and testing phases. Actual flight 
test investigations of engine vibration conditions on each 
new type of airplane also appear to be warranted. 


( 


One of the most fundamental changes that can be sug 
gested is the complete abandonment of tapered and keyed 
propeller shafts in favor of the splined type. The attendant 
reduction of stress localization at the sharp corner of the 
keyway is the most obvious example of the type of detail 


design change that is necessary for the avoidance of fatigue 
failures. 


Similar comments are generally applicable to other com 
ponents of engines of this type such as cylinder heads, 
barrels, valves, connecting rods, crankcases, and the like. 


Here again, it is evident that increased attention must be 








given to refinements aimed at reducing stress c 
tions and nuclei responsible for starting fatigue 
Improved production and inspection techniques aime 
the maintenance of high fabricating and materia! 
ards are also essential. 


Carburetors — \dling failures are the other large 
utors to non-air-carrier difficulties. The primary n 
overcome the epidemic of idling failures that has di 
in recent years, is improvement in carburetor op 
under low-power conditions and decreased susceptibility o 
the engine to stoppage when operating cool or at low spe 

Second only to the above is the need for carburetor aj; 
preheaters of increased capacity and, even more importa; 
preheaters with the ability to provide an adequate heat ris 
during operation at powers closer to the idling range. T! 
judicious application of preheat, when it is available at 
power, will do much toward preventing idling failures 








Third, since almost all light aircraft in present op 
embody neither of the two above features, it has been 
will be necessary to continue to pursue a vigorous ed 
tional program to indoctrinate flight trainees and pilots 
the proper techniques to be used to prevent idling fai 
and carburetor icing. These include early application 
carburetor heat prior to entering reduced-power maneuvers 
continuous use of heat under high-humidity conditions 
frequent clearing of the engine, avoidance of complete! 
closing the throttle in reduced-power maneuvers, avoi 
of abrupt throttle movement, and avoidance of successi 
power-off maneuvers without using power for a suffici 
time in between to assure that the engine has been { 


One point that is not at all evident from the examinati 
of the records of failures in private operation is the numb 
of spark-plug failures encountered. Fig. 
only a small number of reports of ignition troubles ar 
actually received. However, this is directly traceable to the 
fact that most spark-plug troubles do not result in accidents 
and there is, therefore, no compulsion on the operator t 
file a report. None the less, everyone familiar with fiel 
problems on small engines is well aware of the fact 
spark-plug failures are by far the most numerous type 0! 
difficulty encountered in the operation of these engine 
reports of all these difficulties were submitted, they 
far outnumber all other categories in frequency. The 
for the improvement of spark plugs used in low-outy 
engines should not, therefore, be judged on the basis « 
very incomplete information available, but rather « 
basis of the very urgent necessity for such improvement 
that is known actually to exist. 


m Outlook 


The outlook for the future of engine designs and 
opments appears to be good. The record of operation 
wartime conditions would indicate, particularly in n¢ 
carrier service, that a return to normal peacetime ope! 
should be accompanied by a gradual reduction in ¢ 


There is no question but what the lessons of th 
have been well learned and that the old mistakes wil 
be repeated in the development of new types. Many oi 
remedies applied to overcome specific difficulties have | 
of a nature that can be carried forward with equal st 
to engines of higher specific outputs. Several of the 
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will enter commercial service in the future paper the primary types of engine failures encountered in 
behind them a record of military operation recent years, and the greatest needs that it is felt exist to 
ved as an accelerated service test. As a result, achieve improvement of previous performance records. 


e normal teething troubles will have been The development of engines along the lines of greater 


and 11 1€ 





safety and reliability will go a long way toward encour 
It reasonable to assume that engines developed aging the expansion of both private and commercial avia- 
tr brit or commercial use will be at a higher stage of tion. There is no question but that the public is eager to 
it hen they reach their eventual market than will take part in such an expansion. Safety and utility of air 
ped fame veloped primarily for military service since the craft will perhaps be the two most significant factors in 
will usually be less critical. determining the extent of aviation progress; and if safety is 














( ’ 
a sion then, there have been outlined in this provided, increased utility will follow as a matter of course. 
da 
continued from page 18 
the same input speed with efficiency of 99%. In the ca t tl draulic coupling a gear ravo must 
the hydraulic coupling, two primary considera with the coupling to produce the torque required by the vehicl 
First, the unit must be of such a size that it vhen its requirements exceed that which t engin 1 develop. | 
nput speed corresponding to the maximum engi! the gear ratio 1 lected such that f throttle peak torqu ult 
‘ n 977% to 98%. Second, a specification must plicd by the ratio is such that th ehicle will start 
that the hydraulic coupling will maintain a ission of power through th wdraulic coupling will be accor 
ible over that portion of the engine speed plished with an average efficiency of 97%, which, when multiplied 
d in accomplishing the duty required of th by the quoted efhcies f 95% in Mr. D c ) 
ichin ind further, it desired always that ite the amount pow i 
that its output shaft come to zero speed tios which have been ch in the paper t ipa 
r the usable engine speed range and torqu erience indicates even higher gear ethciencies than that qu 
have been realized at high coupling efficiency. A ractcal. This efliciency of wer transm1 
irve would be ideal. Practically it i ossibl for any veriod of time for any amount of torque conversion found 
insmuission elhicien trom 03% to 94% 1e¢ ul b ri ratin condition if wi th veh e ma fit 
the engi peed rang Irom top sp ed itself 
nted out that the hydraulic coupling is a twe te of accelerati ft \ ffected as M 
transmitting the torque developed by the ‘inted out. and und tain o tit on 1 change « 
converter has three or more elements and is rea itio is de il i t ‘ 
ing the torque developed by t engin rl Under some conditions of power requirements and lerat t ha 
ympanied by and is dependent a speed ratio been found that one ratio operation produces best results. 
the above it is readily apparent that the onl It es ine ies ‘ aed oil tniens 
n of efficiencies can be made when consider ; 
1 l xX 
units 1s a condituon wher each unit is trans 
developed by the engine without conversion aes ; 
data this condition will tak i if I ul ee: 
ratio of 0.64 and an approximate efficiency of 64% OF turthe : . 
torque converter and in the case of the hydraulic behavior of the two fluid units under meremay” where less that 
d ratio will be 0.98 and the efficiency will be 98% thro wins idly ge cue ee ve 
in windage. This comparison is obviously not : , 
verter, but is correct in the same degree as the nnite num os aut — ream “hg - 
Mr. Deimel. From the abov it appears that a fluid torque converter with an acc ympanyi! widely varying ¢lh 
hicienc urves must be made if they are to be n O1 : t aight about by ve 
itio! on 3 i ment O1 
vehicl dependent <¢ n be torque and ‘ uunt of torqu ) w Tuli-th 
two factors is horsepowe \ tatement « the hydraulic coupling with an increased efficiency over that corr 
naximum motion of the vehicle will onding to maximum throttle for which the hydraulic coupling wa 
iXimuM power m =e my | vriginally selected. The gear transmission wil! show ligt ul 
If t t \ c »y the engine in Nn in al 
\ . n 
i i t gine t 1 ) ar Vi A 
id n or In ] ] ] mn A 
ible of produ ing a Maximum torque ratio ot terna nbusvion ngine nd t t it rl t ar 


t mount of torque will cau motion, th ink rtol ince Ol act : 0 














c; tractor-fuel situation has become compli- 
cated and somewhat chaotic because of the 
conflicting points of view held by the various 
groups concerned with the problem. 











Mr. Colwell performs here a very necessary 
function, because he presents each of these 
viewpoints — that of the engineers, the petroleum 


industry, the farmers, and the states —in clear 
and succinct language. 








He then suggests a program that is designed 
to bring order out of this now very muddled by A. T. COLWELL 


situation. He recommends that: 







Vice-President, 


Thompson Products, Inc., and Thompson Aircraft 
1. CRC complete its survey of the fuels now Products Ce. 
being marketed. 






2. CRC determine promptly the technical re- 


Clearly understanding a problem is half the solut 
quirements of tractor-engine fuel. 


and in this paper we hope that the answer to that port 
of the problem depending upon understanding will 
3. A determined attempt be made to coor- reached, although some of the equations take 
dinate state specifications and taxes through the 













peculiar 
form. Leading experts in the tractor and oil industrie 
North American Gasoline Tax Conference. were interviewed, and their opinions have been correlate 
and weighed to form an unbiased presentation of 
4. Tractor companies agree among them- factors involved. The request was so often expressed 
selves on classifications or specifications, and 





their number. 





definite statements be not attributed to an individual, tha 
the material is presented as a symposium. 

We should feel encouraged that this is a technica! pape 
5. These specifications or classifications then 
be coordinated with the petroleum industry 
through the ASTM. 







men 


and not a conference; for a conference is a group of mer 
who, individually, can do nothing, but who, as a grou 
can meet and decide that nothing can be done. The write: 
is firmly of the opinion that something should, can, 
















will be done on this problem. 

THE AUTHOR: A. T. COLWELL (LM °30) is engineer- There must be reasons for the tractor-fuel status, and 
ing vice-president and director of Thompson Products, Inc., : pore a ‘¥ h blems of 
where he has been affiliated since 1922. Direction and there are. Many of them appeared in the wera 
supervision of research work has brought Mr. Colwell inter- octane standardization, SAE oil numbers, and aircraft fuel 
national recognition as an authority and has resulted in standardization. These standardizations were all accon 
improvement of heat-resisting qualities of valves and valve- ‘ 2 a, ; who 
seat inserts for both motor-vehicle and aircraft engines. Mr. plished, however, and the writer knows of -. — Me 
Colwell, a graduate from West Point Military Academy, is does not consider these programs as igs, sumammab oem 
a past-president of the SAE, and has been active on many paper is presented to collect all the conflicting views 
technical and administrative committees of the Society. 








one package, so that each group concerned may analy 
the problem in its entirety. The material in the paper: 
confined to spark-ignition engines only. Depending por 
the various viewpoints, the situation seems much 
as - . tree, a rope, or a fan— but it is still a white elephant | 
economic, and political aspects. The tractor companies » eels 
are not in accord as to what tractor fuel specifications or a Na ; 
classifications should be, the petroleum industry is not in ° ° ° ° 
accord as to types of fuels they would supply, and the m The Engineering Viewpoint 
states show a variation in tax structure worthy of the Without a state tax situation, practically all companies 
provinces of China. If this situation had a religion, it would design tractor engines to operate on gasoline 
might be called “Confusionism.” The effort to bring order Higher compression, with better fuel, would be the trend 
out of the chaos has been made over a long period of time, There is no good engineering reason, excepting cost, 10r 
with disillusionment being the chief result. However, using low-grade fuel. Most engineers agree that the prob 
everyone seems agreed on the following points, for what " 















HIS subject reflects conflicting views of engineering, 


































lems of starting, excessive dilution, special manifold hea 
they are worth: ing, special cooling-system temperature-control and upkee} 
1. This is a difficult subject. 





would be minimized. Tractors in the hands of farmers 
generally are called upon to operate in temperatures rom 
freezing up to approximately 120 F. By keeping the 
engines hot through the use of radiator shutters, noW 
: practically standard equipment on all tractors, good ope! 
3- A solution will be difficult. ation can be obtained from low-grade tractor fuel, although 
4. A solution would be desirable. the cooler the temperature the quicker the engines coo! off 

{This paper was presented at the SAE National Tractor Meeting, and the more difficulty there is if take-off after =" 
Milwaukee, Wis., Sept. 13, 1944.] period. 





2. It has been with us a long time, as Dr. E. L. Barger 


and C. E. Frudden can testify from their association with 
it years ago. 
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FRE UIREMENTS 


— 
pa BSA 
‘ena 
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7 ewes 


rs operating below freezing use gasoline, primarily 

their operation period is of rather short duration, 

-d for grinding feed or for some farming activities 

not require long periods of running. The use of 
r fuel” or “hot tractor fuel” under these conditions 

good as gasoline, but is preferable to lower-grade 
Foal 


yet 


inery cost of third-grade gasoline and lower-grade 
nearly the same—the difference in ultimate con- 
t is due mostly to taxes and some to low-volume 
tion. 
sent, the engine designer does not know what type 
will be used in his engine, if he is designing for 
ide fuel. From the standpoint of compression ratio 
1ifold heat, he must therefore design for the worst 
kely to be used. Higher-grade fuel used in such a 
has little added value —it is an economic waste of 
numbers, although it offers some convenience in 
though the tractor industry is not large compared 
e automobile, yet the tractor industry is not actually 
It seems inconceivable that such a fuel problem 
ts the designer at this stage of American develop 
f the internal-combustion engine. It has been solved 
» in the automobile and aviation fields. 


ire three definite reasons why the situation exists: 


4 


One of the chief difficulties originates within the 
industry itself, where agreement on fuel has not 


ached, and this controversy has been going on for 
years. 


Che opinion prevails that if specifications for tractor 
re established, the refinery cost of the fuel will be- 
excessive. As pointed out at a later point, this opin- 
not well founded. 
Che state tax laws are, to a great extent, responsible 
present situation; and without cooperation from the 
s States, it will be difficult to find a satisfactory solu- 
nd progress will be retarded. 
tractor engineer’s problem is a real one, for his 
when confronted with the great variety of fuels on 
rket today, is like the Irish sergeant who addressed 
n just before going into action: 
| you fight or will you run?” 
will.” 
1 will what?” 
will not.” 


1¢ quality of fuel is reduced, most engineers agree 
necessary engine changes to handle it result in 
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for 


FARM TRACTORS 


lower performance, poorer economy, increased wear on 
parts, and generally less-satisfactory performance. By in 
creasing compression ratio and using higher-octane fuel, 
horsepower can be increased, but based on fuel cost to the 
operator, low-grade fuel gives the cheapest horsepower 
hour. Table 1, from the Nebraska tests, indicates one com 
parison between operation on gasoline and on lower-grade 
fuel. The engines were identical but modified as to com 
pression ratio, carburetor adjustments, manifolding, and 
spark positions. This table indicates that, as long as there 


is an appreciable difference in the consumer price of gaso 


line and lower-grade fuels, there will be a demand for the 
latter. In passing, it may be noted that the valve-in-head 
engine generally has superior performance on heavier fuel 


Table 2 shows the great variation in some of the tractot 
fuels marketed, and tests show a variation of 25% in 
maximum power developed between the high- and low 


octane “distillates.” Automobile engines are designed to 


operate on a spread of about five octane numbers. The 
tractor engineer is confronted with a spread of about fifty 


Table 1 — Nebraska Latest Test Data — Horsepower-Hours per 
Gallon of Fuel — Identical Engine Sizes Tested on 
Gasoline and on Distillate Fuels 


Gasoline: 70 to 73 octane, as noted. 
Gasoline weight: approximately 6.10 Ib per gal. 


Distillate: 35 to 39 octane, as noted. 
Distillate weight: approximately 6.90 !b per gal. 


Diesel fuel weight: approximately 7.00 Ib per gal. 
Per Cent of Rated Load 


Valve Fuel and 
Arrangement Octane 50 75 100 


73 Gasoline 
39 Distillate 
70 Gasoline 
35 Distillate 


Valve-in 71 Gasoline 
head 36 Distillate 
Valve-in 71 Gasoline 
head 37 Distillate 
Valve-in 71 Gasoline 
head 37 Distillate 
Valve-in 70 Gasoline 
head 38 Distillate 


Valve-in 73 Gasoline 
head 38 Distillate 
Valve-in 70 Gasoline 
head 38 Distillate 
L-head 71 Gasoline 
L-head 70 Gasoline 
Valve-in-head 37 Distillate 
Valve-in-head Diesel 

Valve-in-head Diesel 


Average 
L-head 85 12.21 9.41 
07 12.13 8.82 


81 11.43 14 
07 ‘ 10.95 25 


17 ‘ 12.14 77 
55 13.15 82 


-62 11.90 12 
51 : 11.72 .03 


27 , 11.88 92 
23 , 11. 76 


57 . 12. 21 
96 12.59 57 


94 . 11.73 65 
17 : 11.03 93 


53 . 10. 30 
.07 : 72 38 


31 ‘ -78 98 
29 . .19 47 
-60 ° 16 -99 
77 12.90 
44 12.07 


L-head 


_ 














Table 2 —- Tests of Some Kansas Distillates 
(Courtesy, E. L. Barger) 





Composition 

Sample Straight-run, Cracked, Octane 

Number % % Number 
2D-15 0 100 33.0 

_— 100 0 

~1 54 46 23.0 
D-20 100 0 — 7.0 
«D-21 0 100 43.0 
D-22 100 0 — 7.0 
D-23 100 0 — 7.0 
D-24 100 0 — 6.0 
D-25 100 0 0 
D-26 100 0 3.5 
D-27 0 100 39.0 
D-28 40 60 30.5 
D-29 30 70 33.5 
D-30 15 85 34.5 
D-34 100 0 10.3 
D-33 80 20 19.3 
D-37 100 0 12.5 
Average 12.8 


* Not commercially available, not included in averages. 


octane numbers in the i yr fuels on the market today, 


and his problem is increased accordingly. This table fur- 
ther indicates a point frequently mentioned, that catalytic 
cracking will generally increase the quality of tractor fuel 
for spark-ignition engines, and will actually increase the 
amount of “distillate” fuel available. . 

“Distillate” is a word covering fuels of such a wide range 
that it is not specific. All fractions are “distillates.” A 
group of four oil experts could not give the writer a satis 
factory definition of 


“distillate” as used by the tractor 
fraternity. 


It probably means those fuels heavier than 
gasoline but not heavier than kerosene or No. 1 fuel oil. 
The writer uses the term “tractor fuel” to replace “dis 
tillate” in most instances, meaning all fuel for spark- 
ignition engines except gasoline and kerosene. (Saskatche- 
wan definition of “distillate”: a fuel containing fractions 
from a part of the gasoline range, all of the kerosene range, 
and part of the fuel oil range; Webster: any of certain 
petroleum products; a term of no precise meaning.) 

Table 3 shows data on the cost of plowing an acre using 
different compression ratios and fuels. There are more 
heat units per gallon in lower-grade fuel, but less per 
pound. Therefore, in low-compression engines heavier fuel 
may show to advantage, because better fuel needs higher 
compression to be most effective. Few people realize that 
farmers on adjoining farms, with identical tractors, may 
be using fuel differing by 70 octane numbers, covering the 
range from gasoline to the lowest-octane fuel. The poor 
quality of many low-grade fuels on the market has retarded 
their use. Good performance can be obtained with less 
attention to engine and manifold temperatures with the 
more volatile fuels, and therefore the popular demand in 
any given state will likely be for fuels which fall just above 
the upper distillation limit of a taxable fuel. 


Table 3 — Results of Plowing Tests Burning Different Fuels, with 
High- and Low-Compression Heads — Three-Bottom, 
14-In. Plows at a 6-In. Depth 
Courtesy, E. L. Barger) 


Fuel Fuel 

Com- Fuel, Fuel, Fuel cost, cost, > 

Octane pression tbper galper price, ¢ per ¢ per 

Kind of Fuel Number ratio acre acre ¢pergal acre acre 

Regular gasoline 70.0 5.75 7.27 1.190 10.9 12.97 18.92 

Regular gasoline 70.0 4.50 8.26 1.355 10.9 14.77 21.54 
Third-grade 

gasoline 51.3 4.50 8.62 1.405 9.0 12.64 19.67 

Distillate 31.3 4.50 8.55 1.250 7.6 9.37 9.37 


» Tank wagon prices, less state tax, Manhattan, Kan., Oct. 9, 1939. 
Five cents per gallon tax on gasoline included. 










Regarding higher compression for tractor engines 
Ethyl Corp. conducted careful tests with an « 


5-45:1 compression ratio, and reached the 
conclusions: 


Tin 
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1. By using a compression ratio of 5.92:1 rather than th 


present standard 5.45:1, economy can be increased 83% 
and power 7.5%. 























2. By using 6.65:1 ratio, economy can be 


13.5% and power 12.7% over the 5.45:1 ratio. 

3. With the automatic spark advance used and a gi\ 
fuel, more power can be obtained at a given compressio; 
ratio without encountering severe knock at low 
(below 1000 rpm). With a fixed spark advance, i! 
be necessary to reduce the 





icréas 








Spe 
wou 
compression ratio to preven 
excessive knocking at low speeds. 











4. To obtain a more constant air-fuel ratio, it would 
advisable to use a fixed-jet carburetor rather than 
variable-jet carburetor. 

















5. To redesign most efficiently, studies should be ma 
of valve porting, combustion chamber, tolerance in | 
distributor, automatic spark advance mechanism, and t 


effect of coolant temperature upon fuel antikriock requir 
ment. 
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At low loads, lower-octane fuels tend to show a higher 
thermal efficiency than higher-octane fuels. However, ther 
is a reduction in maximum safe sustained power out; 
with lower-octane fuels, and the thermal efficiency 
higher loads is greater with higher-octane fuel. “Th 
higher the octane rating of a distillate fuel, the better 
will be and the more satisfactory the overall performan 
(E. L. Barger, Kansas State College.) A salesman was onc 
trying to sell a prospect a tractor in which the engine \ 
knocking badly on poor fuel. Said the salesman, “This 
an opportunity.” Replied the prospect, “I don’t think s 
opportunity knocks but once.” 

Desirable performance demands an increase in torqu 
at least 10% as the engine speed is decreased from | 
















normal operating speed to about 2/3 of that speed. 7 
characteristic increases the required octane value f 
given compression ratio. 









The fuel distillation range which a given engin 
handle satisfactorily is relatively limited. Within limit 
is possible to make the engine handle any specifi 
range, but it is necessary that the fuels for whicl 
designed be used. This is also true of the lower |! 
the octane rating of the fuel. If the tractor operator 
get satisfactory performance, it is necessary that he 
tc purchase a fuel and know that it fits the needs 
engine. 











































Fig. 1 shows the change in power and work per ga 
of fuel with changing compression ratios. The enginec! 
must have some idea of the fuel to be used in 0 

























Table 4 — Power and Fuel Consumption with Various Fuels, 4" 
Optimum Available Compression Ratio for Each Fue! 
Engine Speed: 1200 Rpm 
(Kansas S‘ate Colleze Bulle'in No. 37) 
























































Maxi- Fuel Work, fF ue 
Com- mum: Price, Fuel,  hp-hr rst 
pression bhp ¢per Ibper per nd 
Fuel Ratio (corrected) gal hp-hr gal np- 




















Premium-grade gasoline, G-7-E 5.65 36.10 14.6 0.572 S 
Regular-grade gasoline, G-2-R 5.09 34.11 12.6 0.591 10.36 























Third-grade gasoline, G-2-S 4.60 32.32 10.5 0.632 9.69 ! 08 
Distillate, D-30 3.90 28.90 7.0 0.834 8. 2° 
Kerosene, K-2 3.73 27.71 9.7 0.842 8.05 














« Corrected to standard atmospheric conditions. 
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ciently, and the best technical oil men confirm 


s self-explanatory. Output per gallon is higher 
ter grade of fuel, but this is due to compression 
pical low-compression tractors gave greater out- 
w-grade fuel with its greater Btu content per 


ives further data on power and cost. 


1 


tax situation forces the engineer to adopt the 
requirements to burn low-grade fuel: 

fuel tanks. 

compression ratio. 

sion for applying suffictent heat to the intake 
to obtain vaporization. (He should, therefore, 


the 9500 point of the fuel involved.) 


rr 


ater temperature indicator. 
arburetor with adjustable load jet. 
wdiator shutters or curtain. 


fective crankcase ventilation. 


farmer gets bad detonation because of poor fuel, 
to the tractor company and not to the oil company 
trouble. If the tractor company cannot rectify his 
its only course is to advise the farmer to change 

without standardization, the proper recommen 
nay be difficult. 


petroleum industry has, in some respects, been going 


*h the same stages as the tractor industry. The gaso 
rades of the major companies are standardized so that 


SLO 


otney;r 


} 


fuels have very little idea of what they are selling 


mer knows pretty well what he is buying, which is 
of the heavy fuels of some of the major companies. 
er, a great many of the retail distributors of the 


customers have no way of specifying what they 
ind these distributors may handle special fuel deals 


companies during some temporary refinery 


ppears that with the improved refining methods and 
eased home and industrial markets, the oil com 


should be able to establish certain grades of engin 
id have all the factors affecting engine performanc« 
certain limits for any one grade. If such were the 
en the engine manufacturer could specify the grade 


customer could use and the customer would 
vhen he is buying the correct grade. 

oil profession is replete with mystery. Many eimi 
| engineers have stated their cases in definite terms, 
ng in a lucid manner which phases are engineering 
hich economic, with their reasons for each. In some 
s there are good reasons for the views expressed on 
tor-fuel 


all of the “oil” is in barrels, and that a sales advan- 


situation. In other cases it would seem 
wpoint is the prime consideration. This is quite 
but it may not be the best approach for the tractor 

However, the majority of the leading oil tech- 
have expressed themselves in favor of standardiza 


will assist in the program. 


opinion as to why some oil companies resist stand 
on of tractor fuel is that fuel generally has been 
trom the residue after gasoline is made, and based 

market, they would like to have the way open to 
whether to put it into tractor fuel or some other 
|. Due to a variety of conditions prevailing in 
t refineries, different specific material is developed 
market. There is a certain amount of manipulation 
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m Fig. | —Work per gallon of fuel and power developed, using 
five different compression ratios with premium-grade gasoline 


that the refineries desire. Several ago a fuel was 
developed in the Southwest, called “hot tractor fuel” on 
which engines could be cranked up and started without 
resorting to gasoline in the summer time. Companies that 
produced this particular fuel had apparently a lot of light 
ends they wanted to dispose of. This fuel became so popu 
lar in Nebraska and Kansas and other places that it forced 
the larger refineries to bring out a fuel which was the fore 
runner of the present power fuel. Power fuels, however, 


had the advantage of higher octane, operated better in 


years 


| cyl 
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m Fig. 2—Fuel consumption and fuel costs in plowing tests, using 
different fuels and compression ratios 
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V. Keyser, J 
m Fig. 3—Simplified flow diagram of operations in a catalytic- 
cracking plant, showing typical products obtained 


engines than the heavier fuel, and by and large were 
standardized in their particular communities. It is recog- 
nized that when the oil companies are asked to standardize 
on a tractor fuel, their freedom of operation is appreciably 
curtailed, but again, many feel that this is progress for the 
tractor industry, and favor it. 

A prime function of the engineer is to bring order out 
of confusion, and with this in mind, the Tractor War 
Emergency Committee has suggested two classifications of 
tractor fuel. The suggestion of two classifications is a 
compromise, as a minority favored three fuels, others two, 
and others one. The “fuel oil - regular” is tax-exempt in 
most states, while the “fuel oil — light” is taxable in many 
states. They are as follows: 


Minimum 
10% 95% Octane Number 
Fuel Oil — Light 230-347 437-464 40 
Fuel Oil— Regular 347-401 464-518 30 


Many criticisms have been made of these classifications, 
including the names chosen, the distillation ranges, the 
octane numbers, and others. The committee realized that 
these classifications would not please everyone — it seems 
surprising that they please anyone. Comments indicated 
that the name conflicts with lower-grade fuel oils; that the 
distillation ranges of the regular grade should be raised 
1 deg to escape federal tax; that no octane should be speci- 
fied, as below 30 it makes little difference what the octane 
number is; that one grade is sufficient, although some want 





three; and that the regular grade is not as heavy a: 
used in some manufacturers’ engines, and a clas 
should be set for heavier fuels which are now 
market and being used. These suggested classif 
however, at least offer an octane rating and a dis 


1S being 
Nation 
ON the 
Cations, 


tillatiog 
range for the designing engineer. It is realized that th 
“fuel oil—light” is mot tax-free or refundable in may 


states, whereas the “regular” range was set because jt ; 
tax-free in most states. Classifying tractor fuels is entire 
different from establishing fuel specifications for dic 
aviation, or automobile fuels. With these it is a matter ¢ 
setting up specifications for the best practical fuel for the 
particular type of engine. In the case of tractor fuel, it is, 
matter of defining low-grade fuels in order that the ope; 
ator may know how bad they are. 

The successful burning of tractor fuel depends a ¢: 
deal upon the design of the engine. The manifold tem 
atures must be right, governed by a heat control 
design of the combustion chamber is very important. ( 
company reports increased compression pressure of 25 
by a change in the shape of the combustion chamber, a: 
all companies have studied combustion-chamber d 


uc 
Good combustion-chamber design has a decided effect 


economy and is helpful in avoiding excessive crankcax 
dilution. Standardization of fuel would give added 
petus to improved design. In order to burn low-grade { 
economically and successfully, a great deal depends on t 
operator in the control of engine and manifold tem, 
tures. Some companies make a high percentage of 
engines with high compression for burning gasolin 
cause of the lack of tractor-fuel standardization. Wit! 
fuel standardization, tractor manufacturers cannot desig 
their low-grade-fuel-burning engines to give top-perforn 
ance. Economical use of tractor fuel depends quite largely 
upon load and load characteristics. Increased power at 
economy, available through higher compression ratios w 
high-grade fuel, are lost unless use is made of the increase 
power and the engine loaded to keep it operating in ar 
economical range. Again, the engineer should know 
octane number in order to design efficiently with the 
proper compression ratio. If he cannot do this, and doe 
not design for the worst fuel on the market, detonat 
excessive dilution, and all related engine troubles follow 
To present another side of the problem, some manufa 
turers have designed for fuel heavier than the “regular 
A minimum of 30 octane has been specified, and distilla 
tion ranges of about 380-400 F at 10% and 487-513 @ 
95 Yo are in use. The engines use a turbulent combustion 
chamber designed for this specific fuel, and a manifolj 
temperature of about 200-230 F is attempted, depending 
upon the carbon accumulation in the manifold. As th 
engine size increases, the compression pressure is lowered 
In one model, water injection is used to control detonatior 
from *% to.full load, and data from other tests indicate this 
is a most effective means of increasing power when knock 
is greater than medium. Here are data on this type design 


Engine, Size, 


Mean Mean 
Bore and Stroke Compression Ratio Compression 

3 9/16x5 4.75-1 101 
44x54 4.71-1 94 
5%4x6% 4.45-1 87 
6%x7 4.20-1 84 

*6 4x7 3.91-1 69 

* Water injection used to control detonation from 4 
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of plowing an acre with this type of engine was 
using 5¢ worth of each of three fuels; and 
most economical setting, the following costs were 
it must be pointed out that compression ratio was 
‘ed when using gasoline, which favors the low- 


rot 
grade oo p : 
% Differential 
as Based on 
Gasoline 
Fuel Fuel poem, 
Cost, Price, Gal Con- 
¢per ¢per per sump- Octane 
acre gal Acre Cost tion Number 
S Gasoline 16.80 13.1 1.282 a —- 72-74 
Powerfuel 11.90 9.6 1.240 29.2 3.3 50 
Tractor fuel 11.37 9.4 1.209 32.3 5.7 30 
Improvement in human affairs is wholly the work of 


uncontented characters. This augurs well for improvement 
in the tractor-fuel situation, for tractor engineers are unani- 
mously “uncontented” concerning the present situation. 
The great flaw is that they are not coordinated in their 
“uncontent.” The oil companies ask, “What fuels do the 
tractor people want?” —and that question presents a re- 
markable opportunity. 


® The Petroleum Industry Viewpoints 


One of the principal reasons why the oil industry in 
eneral has not spent a great deal of time and money on 
actor fuel is due to the fact that the volume involved is 
rather insignificant. The distribution, storage, and han- 
dling costs are all out of proportion to the volume of sales, 
when compared with motor fuel. A conflicting opinion to 
this is that after the war the petroleum industry will have 
a producing capacity far in excess of the gasoline demand, 
and the tractor market will not be overlooked. 

The refinery cost of tractor fuel and third-grade gasoline 
is about the same, varying perhaps by %¢ per gal. The 
consumer price is determined primarily by handling 
charges and taxes (Latin root, taxare: to touch sharply). 
The tax may be as high as 8'4¢ per gal. 

Fig. 3 shows, in general, operations in a catalytic- 
cracking plant, with the products obtained, and Table 5 
shows the approximate distillation ranges of the various 
products. These ranges will vary with different crudes and 
n different plants. 

The economics of petroleum refining may be sum- 
marized rather simply. Crude oil can be delivered to many 
refineries for approximately 4¢ per gal. Gasoline, by far 
the most important product, can be produced at a cost 
bling its sale for about 6¢ per gal (f.o.b. refinery). At 
- other end of the scale is byproduct heavy fuel oil, 
which might bring something like 2¢ per gal. Between 
gasoline and heavy fuel oil a wide variety of special prod- 
icts may be made, ranging from kerosene and tractor fuel, 

ar the gasoline end, to industrial fuel oils at the other 
in general, these special products can be converted to 
gasohne and fuel by conventional refinery techniques. 
ts like kerosene, which are close to gasoline, could 
rmed or cracked to yield a relatively large amount 
line and a small amount of heavier fuel. For this 
such products have a refinery value close to the 
va { gasoline. On the other hand, heavy stocks would 
y! large amount of heavier fuel plus a small amount 
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of gasoline and would be assigned a value only a little 
greater than the value of byproduct fuel. 

As developed above, the refinery cost of tractor fuel 
might be 5¢ per gal when gasoline is worth 6¢ per gal. 
The “distillate” or tractor fuel considered in the foregoing 
would be a product having distillation-range and octane- 
number specifications which could be met without any 
special measures being required in the refinery. Should it 
be necessary to meet a distillation or octane number out of 
the range permitted by relatively normal operations, special 
expedients would be required, and the cost of such ex 
pedients would be charged to the “distillate.” Such a 
situation would raise the refinery cost of the “distillate” 
fuel appreciably. In this connection, however, it should be 
noted that an increase of 1¢ per gal in refinery cost would 
be considered appreciable, and also that 1¢ per gal would 
probably cover the cost of some rather drastic expedients. 

Tractor fuels are, in many cases, byproducts. As anti- 
knocks cannot ordinarily be used in tractor fuels, the oil 
companies have very little control over the knock rating, 
except by blending cracked naphtha. Often a combination 
of factors results in fairly high octane number. Antiknocks 
may be present in gasoline which is used for blending. 

“Distillate” will be available after the war, and catalytic 
cracking should improve the knock rating of tractor fuels. 
Charging stock will generally be used for the purpose 
which brings the greatest financial return to the refinery. 

All companies interviewed state that they can produce 
fuels of the TWEC classifications— some on the Pacific 
Coast are not now equipped to do so. Many are now pro- 
ducing fuel close to these classifications. The average 


Table 5 — Approximate Distillation Ranges of 
Petroleum Products 
(Courtesy, T. G. Roehner) 


1 2 3 4 5 6 7 
Light Heavy Catalytic Catalytic 
straight straight Catalytic light heavy Thermal 
run “run heavy fuel fuel fue’ 
naphtha naphtha Kerosene naphtha distillate dietillate distillate 
Approximate % 
on Crude 20 17 14 5 18 5 3 
ASTM Distillation: 

IBP, F 95 315 320 316 448 500 401 
10% 125 325 390 337 476 572 462 
50% 190 338 445 366 506 634 492 
90% 255 366 506 406 564 720 550 
EP 300 , 400 525 434 619 760+ 636 

Octane Number: 
Motor Method 
. le clear 65 40 76 


Data vary with different crudes 


opinion was that these classifications would increase the 
refinery cost of tractor fuel slightly. But if third-grade 
gasoline were made to 30 and 40 octane, the cost should be 
about the same as the TWEC classifications. 

A elassification differs from a specification in that a 
classification groups physical properties, whereas a specifi- 
cation defines quality and sets definite limits. Either may 
be standardized. 





The availability ef tractor fuel after the war will again 
be determined by the economics of gasoline versus tractor 
fuel on a supply-and-demand basis. This balance will 
undoubtedly not be the same for different companies. It 
seems fairly certain, however, that any time an individual 
company is required to exert a major effort to produce a 
tractor fuel, that product is almost certain to be nearly as 
costly as gasoline, at the refinery. The overwhelming 
opinion is that tractor fuels will be available after the war. 
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PER CENT STILLEC 


Kansas State College Bulletin No. 3 


a Fig. 4—- Average distillation curves of tractor fuels 


On the Pacific Coast there are few spark-ignition tractor 


engines and no special fuel is distributed. 


On the Pacific 


Coast one company distributes the following fuels, which 


are typical: 


Pacific Pacific 
Coast Coast 
Third roo 200 
structure (stove (diesel 
gasoline Kerosene oil) fuel) 
IBP 100 375 
10% Over 410 425 
90% 600 
EP 40 525 560 690 
Octane Number 65 
Cetane Number 35 42 
Price T/T® 
Refinery 
Ex-tax Los 
Angeles 
basin 0.115 0.07 0.0525 0.0425 
‘T/T truck-trailer delivers 7000 gal 


The only reason fuels heavier than gasoline are available 
at all on the Pacific Coast is that they have other uses, 
because the fuel demand for spark-ignition engines is so 
small. 

Most companies state that they do not object to classi- 
fication, some believing that use of classified fuel will be 
promoted through greater customer satisfaction. Tractor 
engineers suggest that the octane number be at least 30, 
and perhaps engines should be designed to operate on a 
10-octane spread. In fact, in a group conference of expert 
oil technicians, they agreed the engine designer must have 
some minimum octane rating specified. 

The inclusion of octane requirements in tractor-fuel 
classifications precludes the use of most virgin “distillates,” 


which are the most desirable stock for cat-crackin plants, 
Some companies will produce tractor fuels as cy 
tillates” from thermal or catalytic cracking. 


A prominent authority states that the present mu 
of fuels and lack of classification has been caused b 
tion in tractor design and lack of uniformity in tax | 
(Regarding the point on tractor design, it might log 
be asked whether the chicken or the egg came firs 
Classification would be of benefit to the refiner, the « 
manufacturer, and the user. Approximately 12 states 
not grant tax exemption on gasoline used for agric\ 
purposes. If taxes on gasoline were less stringent 
would be a marked decrease in the amount of tractor fue 
used. 


Nearly all agree that ome classification is preferable, 


simplifying manufacture, distribution, and tankage, 4 
classification and not a close specification is preferred 
Some believe it should be a “hot” fuel and some a ‘ 
while others believe both will be necessary. fuel 
is one that will start a “cold” engine. This nomenclatur 
suggests an Englishman’s description of an old fashioned 
cocktail: “You put whiskey in to make it hot, ice to make 
it cold, sugar to make it sweet, lemon to make it sour, say 
“‘Here’s to your health,’ and drink it yourself.” 


‘cold, 


A “hot” f 


Many old tractors of low compression are in operation 
demanding lower-grade, low-cost fuel. Standardization of 
octane might increase prices in some localities if the fuel 
must be transported long distances. For instance, low 
octane numbers prevail from Michigan crude. One author 
ity feels that octane alone is not enough — volatility and 
vapor pressure must be considered. 

Another opinion is that the tractor engineer wants stand 
ardization, the diesel engineer Aigh cetane, and the spar} 
ignition engineer Aigh octane, each wanting the special 
product at the same price as is now charged for the corre 
sponding fuel without special selection, treatment, or 
controls. 

The most salable fuel today is the most volatile product 
that will not come within a particular state’s definition of 
gasoline for tax purposes. A definite service can be ren 
dered by working toward the unification of these defini 


tions for gasoline, which, in the end, would control tractor 
fuel classifications. 


The demand for tractor fuel is seasonal, for fall and 
spring plowing — in the winter, practically none. The stills 
cannot be changed to run this type of product. 


Some companies market stx different tractor fuels. A 


survey is being made, restricted at 


present, of the fuels 


which are being marketed in the United States. Thes 
data will surprise even the oil companies. ns point 


vary all the way from 172 to about 422, and 95% point 
from 464 to about 555 F. Octanes vary over a range o! 
about 50 numbers, and maximum power developed }y 
these same “distillates” 


in tractor engines has varied 
much as 25 


% between the low and high octane. How 
an engineer design an efficient engine for such a range’ 
He can’t. 

Fig. 4 gives the average distillation curves of fuel 
in Kansas. 

A study of the tractor-fuel situation reveals that a 
variety of fuels has been used. Lack of standardizatior 
been caused mostly by lack of uniformity in the defini 
adopted by the various states for determining the taxab’ ty 
of motor fuel. Any classifications must, therefore, cons 
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e requirements and taxability. In addition to 
‘and “low flash” fuel, a recent development, 
‘power fuel,” has incorporated the lowering of 
1d volatility imposed on “low flash” tractor 
etaining the 465 F, 95 % point minimum. This 
is tax-exempt in a number of states for agri- 
e; in others, exemption or refunds can be ob- 
well as federal exemption certificates if used for 
iy use. This fuel is commonly made by blending 
gasoline and “distillate.” Herewith are several 
els”: 
Number 33-38 
280 


40-45 47 4 
175 176 — 
460 405 448 420 
nt, F 495 500 504 500 
- octane numbers of tractor fuels vary considerably, 
ng upon the composition of the stocks blended and 
method of processing. As an example, the octane 
ber of “high flash” tractor fuel may range from zero 
wer, if a straight-run “distillate” is used, to 40 or 
if cracked stocks are used. There has been an 
increasing demand for tractor fuels of greater front-end 
volatility, as evidenced by the sales of “power fuel.” 
Following are refinery prices of petroleum products, 
according to present price ceilings f.o.b. Group 3 for tank- 
car shipment from the refinery: 
¢ per Gal 
Premium gasoline 75 
Housebrand gasoline 6.00 
Third-grade gasoline 5-25 
Power fuel 5.00 
Low flash 4.875 
High flash 4.75 
Kerosene, 42-44 4:50 
No. 1 heating distillate + 3.875 
No. 2 heating distillate 3.625 
It will be observed from the above table that the differ- 
ential between “high flash” tractor fuel and Third-Grade 
rasoline is only half a cent per gallon; the actual difference 


to the consumer, however, if refunds or exemptions are not 


ht4 


nable, may be 34% to 8¢ per gal higher. Based on 
pments of tractor fuels into states where exemptions or 
refunds can be readily obtained, were the restrictions on 
gasoline for tractor use less stringent, it is believed there 
would be a marked decrease in the amount of tractor fuels 
used. In some cases, fuel is made in one state but shipped 
nother because of the tax muddle. 
Herewith are the relative volumes of tractor fuels mar- 
ted by one refiner in Group 3 over the past several years: 
1942 1943 1944 
60.0 66.0 48.7 
355 23.5 30.9 
4.5 10.5 20.4 
6 is included to show what specifications are in 
f the states. 
leading oil technicians take a broad-gage view of 
ctor-fuel problem: If the tractor engineers will state 
iews of classification, being as liberal as possible, the 
anies will endeavor to supply the fuel. 


flash fuel, % 
flash fuel, % 
fuel fuel, % 


» States’ Viewpoints 


mation was received from a number of states and 
ommonwealths. The chart of state specifications 
to above, (Table 6) speaks for itself. Almost all 
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states agreed that standardization is desirable, many sug- 
gest that specifications can and should be made uniform, 
but most feel it will be difficult to achieve a uniform tax 
structure. Some states tax fuel for general income, others 
for roads only. It is obvious that the tax structure in many 
cases is drawn to prevent tax evasion (a very human desire 
in these days). The states have their problems, however, 
for roads must be built and maintained. Income is re 
duced when nontaxable fuels are used on the highways. 
Farmers operate some 5,000,000 automobiles and 1,250, 00 
trucks in addition to tractors. A uniform tax structure 
will be under consideration at the North American Gas 
oline Tax Conference in St. Louis on September 18 to 20, 
1944, and, possibly, if the various states realized how trac- 
tor development is being retarded, and how farmers (vot- 
ers) in some states are penalized over others, a determined 
effort would be made on the tax muddle. Performance 
and fuel economy would be much improved if gasoline 
were burned in high-compression engines designed espe 
cially for its use. 

The taxes range from no tax on farm gasoline or tractor 
fuel, to the full tax. Between these two extremes is a great 
variety of refunds, rules, and specifications —the state taxes 
vary from 2¢ to 7¢ per gal on motor fuel. The federal tax 
is in addition, being 144¢ per gal on the following fuels: 
(1) any product commonly known and sold as “gasoline” 
regardless of use; (2) benzol, benzene, naphtha, and so on, 
with 10% point below 347 F or 95% point below 464 F, 
except when sold under an exemption certificate for use 
other than as a fuel for motor vehicles, motor boats, or 
airplanes. One method which has been tried is to dye 
exempt gasoline a distinctive color, with periodic motor 
inspection. Almost everyone is in agreement that highways 
should be constructed and repaired with funds acquired 
through the levying of reasonable gasoline taxes; and 
tractor fuels, therefore, should not be subject to these taxes, 
when these tractors are used for exclusively nonhighway 
purposes. Conversely, if farmers could be depended upon 
to use tax-exempt fuel for nonhighway purposes only, the 
tax problem would be less annoying. Oil-producing states 
and states with refineries have problems that do not arise 
in nonproducing states. The tax administration and oil 
industry have tried to secure uniform tax laws in the 
various states, with little success, but better coordination 
will eventually be achieved. The states have logical rea 
sons for what has been done, but acting independently, 
the present status has developed. If the state tax adminis 
trators were empowered with legislative authority to pass 
the levies, uniformity might be more easily attained. Since 
the various states have legislative bodies with multifarious 
interests, each peculiar to the economic welfare of its par 
ticular state, ranging from highly industrialized states with 
minor agricultural interests to states high in agricultural 
pursuits, the tax problem is complex. Some states do not 
want specifications because borderline products capable of 
use on the highway might be marketed. In another case, 
all fuel is taxed, the feeling being that agricultural sections 
have received untold benefit from use of these funds. Areas 
formerly too remote from cities to produce other than staple 
New and improved 
roads from farm to market are planned, connecting with 


crops no longer are so restricted. 


main trunk highways, as well as landing strips beside th« 
highways for aircraft use. 


The general opinion is that both the industry and tax 











administrators want uniformity; classifications could be 
standardized without great difficulty, but uniform tax will 
be more difficult. One opinion is that tractor fuels made 
from a blend of No. 1 fuel oil and straight-run gasoline 
are sold to some extent for tractor use, but the blend has 
not been of such quality as to render it practicably usable 
on highways. No need has been found for definite specifi- 
cations, as they add to administrative difficulties rather than 
lessen them. The concern has been as to whether tractor 


fuels are actually used on the highways rather than their 
availability or usableness. 


The following officials are thoroughly familiar with ¢},. 
subject: 


John A. Keeley, President 

North American Gasoline Conference 
1313 East Sixtieth St. 

Chicago, Ill. 

R. J. Craig, Vice-President 

North American Gasoline Conference 


State Motor Vehicle Fuel Tax Administrator 
Sacramento, Calif. 


George H. Watson, Executive Director 
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Table 6 — Federal and State Specifications Ba, 
(Issued: October 12, 1944) 
Bz 
Federal 
Specifications Colorado Iilinois Indiana lowa Kansas Minnesota ae 
+ Farm Tractor Crude Petro. eS 
Fuel « leum Farm Si; 
Effective Dates: Not subject ——- Tractor Fuel os 
Inspection Laws = = ~~ ....e. 4-19-41 7-1-43 7-1-43 1931 inspection re 1943 : Rr ee 
Tax Laws 6-6-40 6-1-43 7-1-43 7-1-43 7-445 3-30-43 bs .. .9-1-41 
Class or Grade - Cc natiaien ‘ Ber A 
General Specifications: 
Flash, min, ; 110 TC* 100 TC* (Applies to low flash material) 
Color ees : Green* Dark blue Dark blue 
Sulfur, % max. hace Clee cae a yA . 
Octane, ASTM, min, 





BS&W, max. het 
Residue, max. 





None None None 
: .0 
Gravity 









Volatility: 











Method of Computing Distillation 

Percentages Recovery Recovery Recovery Recovery Recovery 
IBP 200 min.* 300 min.* 347 min.** 225 min. 
10% 347% 347 min.* 347 min.*® aie ; 


276 min. 






20% 


95% 464*« 
End Point 





464 min.* 464 min.** 464 min.* 464 min.*> 464 min. {464 min.¢ {464 min,¢ 


540 max. \540 max. 
rene ‘ ae See 540 max. unit 








489 min.* 


























Missouri Montana Nebraska North Daxo'a Oklahoma South Dakota Wisconsin 








Wyoming 





Tractor Power 
Distillate Fuel * Friel 
Effective Dates: Not subject 
Inspoction Laws 8-2-43 1935 4-1-38 7-1-41 2-13-40 8-15-39 7-1-39 8-15-43 / inspection 5-21-43 
Tax Laws 12-1-43 1939 1939 7-1-43 4-12-43 7-1-43 7-27-43 5-21-43 
Class or Grade 5s A/ ia ; 






















Generai Specifications: 
Flash, min, ; . iets a 100 TC* F 
Color ; —16 ccnaets —16 Med. blue Green 
Sulfur, % max. ae sae . ee ee 0.34 ne bed 
Octane, ASTM, min. ‘ 30 Bee 5 albert 
BS&W, max. None : : None baue 
Residue, max. ve : 





110 TC* 
ae Med, blue 





None 


None 





oe . * /) — = .~ oS seagee = 225.05. —) rand 





Volatility: 


Method of Computing Distillation 
Percentages 









Recov Recovery Recovery Recovery Recovery 
ery 


er re ae 250 min. 200 min. 
10% 347 min.*¢ iad ; 347 min.**. 347 min.*¢ 

420 max. 
20% 


95% 
End Point 


IBP 








ree eee {172 min.* 
\230 max.* 







seeeey ws eee 325 max 
MUU setees 8 so sa 464 min.** ; 464 min.** 464 min. 464 min. 464 min.* 465 min. 


Shee sible 606 max. ne a Se a a ae 


Federal Tax Laws - Section 314.40, Reg. 44. Tests of 347 or below at 10% and 464 or below at 96% will not pass. 
* Motor fuel tax limitations. 


























* If product fails to meet either or both ef these noints, it is taxable, but exemption may be claimed if used for other than in metor vehicles, motor boats, and airplanes. 
> If product meets either one or both of these pointe, it is not subject to state texation. 


¢ Power fuel special “*B’ meets Grade B. Power fuel No. 1 may be sold in Minnesota—16 color, and meeting the following specifications: 100 TC Min. flash, IBP 300F Min., 
95% 464F Min. 

4 On “Crude petroleum farm tractor fuel", if less than 95% is recovered, the end point shall be between 464 and 540 F. 

* Tractor fuel meeting either the 10% or 959% point, er 'o h -oin 8, not taxable, 

/ lavoice should show “‘treated™ or “‘untreated.”” Refer to inspection laws for other grades. 

* Power fuel No. 1 may be sold in South Dakota on distillate specifications under name of “power fuel No. 1."". Must NOT be seld as “‘tractor fuel.” 

4 Distillate for domestic heating or use in burners, 1% maximum sulfur: for use in internal-combustion engines, 2% maximum. 


* Power fuel special may be sold in South Dakota either as ‘power fuel special” or as “tractor fuel’’ so long as it meets tractor fuel specifications. 
4 Power fuel special ““B’’ meets this specification and must be sold under name of “power fuel.” 
* Color changed from blue te green 3-1-44, Reg. No. 7. 
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-ation of Tax Administrators 
East Sixtieth St. 

igo, Ill. 

64 the nation’s tractors are in the following states: 
ecticut, Minnesota, Wisconsin, Illinois, Indiana, 
fichis Ohio, New York, and Pennsylvania. The aver- 
iption per tractor year (all U. S.) is about goo 
|. Table 7 gives data on this point. Several 
ut! eel that the quantity of tractor fuel may be on 
he ie, but accurate data are very difficult to compile. 


















Table 7 — Tractor Fuel Consumption 
(Courtesy, Ethyl! Corp.) 







Per 
a Tractor All Tractors % 
x Gasoline consumed per year 600 1,179,000, 000 69 
ae Other fuel consumed per year 269 528,585,000 31 
Total fuel consumed per year 869 1,707,585,000 1060 





Fuel Consumed 
Per Tractor in 1940 


Fuel 
Average Consumed 
Tractors Average Tractor per Hour 
State Group on Size of Gaso- Other Use of Tractor 


















































Farms, Tractor,’ line, Fuels, Total, in 1940 Use, 
12-31-41¢ db-hp gal gal gal he gal 

North Atlantic « 194,600 13.4 428 150 578 395 1.46 
SCorn Belt 580,300 15.5 565 189 754 456 1.65 
Lake States * 316,200 15.0 483 207 690 422 1.64 
Great Plains/ 325,600 17.6 734 432 1166 585 1.99 
South Atlantic 79,000 13.6 353 256 609 372 1.64 
South Central* 80,200 15.2 58 765 823 470 1.75 
Oklahormm-Texa~ 181,800 16.6 959 210 1169 653 1.79 
Mountain * 94,300 18.1 605 420 1025 530 1.93 
Pacific! 113,000 19.8 682 514 1196 586 2.04 
United States 1,965,000 15.9 600 269 869 493 1.76 








* Tractor numbers estimated from reports of the Bureau of the Census, 1940, and 
trom reports of the Department of Commerce which show tractor sales in 1940 and 1941. 
’ Db-hp ratings are for general-purpose, standard-wheel, and track-laying tractors, 
which together account for about 98% of all tractors on the farms included in the study. 
Db-hp ratings are based on tests of the Nebraska Experiment Station, and on manu- 
> facturers’ ratings. Some tractors originally with steel traction are now equipped with 
> rubber tires. The use of rubber tires increases the Db-hp ratings of tractors somewhat, 
> but no effort was made In the above calculation to take this into consideration. 
me] ‘Includes the states of Maine, New Hampshire, Vermont, Massachusetts, Rhode 
> Island, Connecticut, New York, New Jeraey, and Penrsylvania. 
; 4 Includes the states of Ohio, Indiana, Iinois, lowa, and Missouri. 
* Includes the states of Michigan, Wisconsin, and Minnesota. 
‘ Incluces the states of North Dakota, South Dakota, Nebraska, and Kansas. 
so * Includes the states of Delaware, Maryland, Virginia, West Virginia, North Caro- 
F lina, South Carolina, Georgla, and Florida. 
qi * Includes the states of Kentucky, Tennessee, Alabama, Mississippl, Arkansas, and 
= Louisiana 
Es ‘Includes the states_ef Montana, Idaho, Wyoming, Colorado, New Mexico, Arizona, 
me Utah, and Nevada, 
} ‘ Includes the states ef Washington, Oregon, and California. 
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Table 8 indicates the taxes, exemptions and refunds in 
® (he various states. It is included in order to have as many 
» data as possible on this subject in one paper. For more 
detailed information on this subject, the American Pe- 
troleum Industries Committee, 50 West Fiftieth St., New 
York City, Zone 20, has issued a “Digest of Definitions” 

tuels, their No. TC-ror, 1-28-44. 
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© Progress in tractor-engine design can best start with 


by the states to clear up the specification and tax 


situation 





action 
































| ® The Farmer's Viewpoint 





Low total cost of power with greatest convenience is the 


aim of the tractor operator. He should be able to 
ouy a fuel product that is relatively uniform and one in 
vhich he can expect to get uniformly good quality. A 
e does not say to her grocer, “Give me a pound of 

She may get Swiss or she may get limburger - 
may not like limburger. The farmer is in much 

position when he says, “Send me some tractor 
lis engine may not like what he gets, and refuse 
‘rate with it. 


















































esent tax situation in many states is a retarding 
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influence on improvement and advancement of tractor-en 
gine design and performance. Even today many low-com- 
pression engines are operated on gasoline because it is 
considered the most satisfactory fuel, but a cost penalty is 
involved. In many cases the farmer buys an engine in 
which low-grade fuel can be used, but he uses gasoline 
because of convenience and the bookkeeping for obtaining 
refunds, getting little or no return for the increased cost. 
As an example, the Nebraska tests 327 and 328 on a Mc- 
Cormick-Deering Farma!l W show the following: 


Maximum Hp Maximum Hp 


on Belt on Drawbar 
Gasoline . . 36.66 25.49 
“Distillate” 34.82 24.49 
Differential 1.84 1.00 
In Kansas, 90% of the tractors are low-compression, but 


gasoline makes up about % of the fuel consumed annually 


because of a favorable tax situation. Those operators using 
“distillate” consumed an average of 1,208 gal of “distillate” 
per tractor per year, and in addition 611 gal of gasoline. 

Many estimates have been made on the cost of plowing 
an acre, data in which the farmer is vitally interested. One 
study showed 20¢ an acre for gasoline and 12¢ an acre 
for “distillate,” based on tank-wagon price, taxes excluded. 
The fuel cost is about 1/3 the total cost of operating a 
tractor. Another estimate given was that if low-grade fuel 
cost to the user did not exceed 75-80% of the cost of 
gasoline, the acre cost of plowing would be lower with 
the low-grade fuel. Pump delivery charges on gasoline 
include the following: tax (444¢ in one state), dealer 
gross profit (in one case 34¢), delivery to pump (in one 
case 1¢). This amounts to 9¢ per gal in one state. 

In case of a depression after the war, some authorities 
believe the farmer will use the lower-grade but cheaper 
fuel, although from an engineering standpoint the higher- 
grade fuel is more desirable. 

A local distributor in Nebraska gives the following price 
information: 


Sed 


tj 


Regular gasoline, ¢ per gal 


Tax refund 4.0 
Net to farmer 13.9 
Tractor fuel 8.7 
Differential, ¢ per gal 5.2 


Tank-wagon average prices in several states, mo taxes 
included, are approximately as follows: 


Third-Grade Tractor 

Gasoline Fuel 
Nebraska 10.87 8.93 
Iowa 10.59 9.58 
Indiana 10.54 9.47 
Illinois 10.53 9.21 
Kansas 9.30 9.06 
Minnesota 11.14 9.94 
North Dakota 12.77 11.74 
South Dakota 11.47 9.98 


The farmer is further interested in the conveniences of 
advanced engineering. He prefers easier starting in cold 
weather, freedom from manifold heat adjustments and 
coolant temperature control, from excessive oil dilution 
and increased engine wear. The tax situation has heaped 
all of these things upon him. To obtain convenience of 
operation with gasoline, if the yearly cost is not over $25 
more than “distillate,” many farmers use gasoline. But 
it is often more than $50 higher and the farmer accepts 








Table 8 — Fuels: Exemptions and Refunds of Motor-Vehicle Fuel for Agricultural Purposes 


(Issued: June 26, 1944, subject to revision) 
Courtesy, American Petroleum Industries Committee) 


Other Than As Fuel 
Stationary Threshing Farm In Motor Vehicles 
Tractor Tractors Engines Machines Machinery Upon Highways 
Gasoline Fuel — a —_ Peeencirentne tennant nn ~_—- 
Tax, ¢ Tax, ¢ Exemptions Refunds Exemptions Refunds Exemptions Refunds Exemptions Refunds Exemptions Refunds 
Alabama 6 6 No exemptions or refunds for agricultural pursuits. 
Arizona 5 x 
Arkansas 61, No exemptions or refunds for agricultural pursuits. 
California 3 x 
Colorado 4 x x x x 
Connecticut 3 x x 
Delaware 4 x x x 
District of Columbia 3 x x x 
Florida 7 No exemptions or refunds for agricultural pursuits. 
Georgia 6 No exemptions or refunds for agricultural pursuits. 
idaho 5 x x x 
Illinois 3 x(¢ x 
Indiana 4 x x x x 
lowa 3 3 x x x 
Kansas 3 : x(>) 
Kentucky 5 No exemptions or refunds for agricultural pursuits. 
Louisiana 7 No exemptions or refunds for agricultural pursuits. 
Maine 4 x(¢) x(¢) x 
Maryland 4 x x x 
Massachusetts 3 x 
Michigan 3 x 
Minnesota 4 . (4) x 
Mississippi 6 “% x(¢ x(*) x( 
Missouri 2 ° x 
Montana 5 x x x 
Nebraska 5 x(/) x x(/) 
Nevada 4 x 
New Hampshire 4 x 
New Jersey 3 x x x 
New Mexico 5 x(s 
New York 4 x(/ x 
North Carolina 6 x 
North Dakota 4 
Ohio 4 x(' x(*) x(*) x(* 
Oklahoma 51, x(™) x(” : 
Oregon 5 x x x 
Pennsylvania 4 No exemptions or refunds for agricultural pursuits. 
Rhode Island 3 No exemptions or refunds for agricultural pursuits. 
South Carolina 6 No exemptions or refunds for agricultural pursuits. 
South Dakota 4 x(*) x x x 
Tennessee 7 No exemptions or refunds for agricultural pursuits. 
Texas 4 x x x 
Utah 4 No exemptions or refunds for agricultural pursuits. 
Vermont 4 No exemptions or refunds for agricultural pursuits. 
Virginia 5 x(o Pe x(°) x 
Washington 5 ; c 
West Virginia 5 x(P) Re x(P x(?) 
Wisconsin 4 ~ x x x 
Wyoming 4 


» Other than highway use is exempt. 

> Tax on purchases of 40 gal or more for other than highway purposes is refunded. 
¢ Only 3¢ of the 4¢ gasoline tax is refunded. 

¢ Farm tractor fuel when used on farms is exempt. 

« Tax actually paid, less 1¢ per gal, is refunded. 


x(@) 
x(" = me 


f Tax on purchases of 40 gal or more for propell'ng or operating a stationary gas engine, tractor, combine, or machinery used solely for agricultural purposes is refunded 
2 Tax on purchases of 50 gal or more used for other than highway purposes is refunded. 


+ Exempt by reason of definition of ‘‘motor vehicle.” 
* Tax, less 1¢ per gal, is refunded on 10 gal or more. 


1 Gasoline is exempt when used solely for agricultural pursuits. However, dealer and purchaser must obtain license, 


* Refund app'ies only to the 3¢ per gal gasoline tax. 
' Exempt from both the 3¢ and 1¢ per gal tax in tank car and cargo lots. 


No exemption or refunds under the 1¢ I quid fuels tax law. 


™ Purchases of 50 gal or more when used in farm tractors or stationary engines solely for agricultural purposes are exempt from 41/2¢ of the 5'/2¢ gasoline tax. 


" Tractor fuel not subject to gasoline tax unless used to propel vehicles on highways. 


° Refunds on purchases of 5 gal or more. 
p Refunds on purchases of 25 gal or more. 


« Class 2 motor fuel exempt when sold for other than highway use. 
’ Special law exempts tractor fuel. 


* Products specifically excluded from gasoline taxes. 


the inconvenience of lower-grade fuel. This situation is 
unique in America today, indicating that at least in one 
portion of our body politic, oldtime American thrift still 
endures, and has not been discarded even though millions 
and billions are the only sums tossed about in current press 
comments. Farming is one of the few occupations retain- 
ing the rampart of thrift which made America great. 
World conditions in the future may further complicate the 
farmer’s problem of making ends meet. 


= Summary 


A southern negro struggled desperately with his draft 
questionnaire. After much sweating and worrying he 
gave up in despair, shoved the papers across the desk to 


50 


the government official, and said simply: “I’se ready when 


you is.” 


For fifteen years the tractor-fuel tax and_ specificati 
problem has had about the same answer. It certainly | 


greater than the problems of the peace conference wi! 


after the war, and can probably be settled more defi: 
if all involved approach the entire problem with u 
standing. 

The export situation after the war may call for 
planning now. In the years to come, new and pow 
competition is likely to develop. It is a great compli 
to the American automotive industry in general, an 
Coordinating Research Council (sustained by SAE 
API) in particular, that specifications are so widely ¢ 
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ountries. Fig. 5 1s the German instruction 
tank, translation of which follows: 
fuel of CFR Research octane number 74 or 






oN park timing 10 deg before TDC. 

heck oil level when idling at about 1000 rpm 

rrect oil level lies between the two control 

: handle of oil filter at least:once daily. When 

ugh dusty country, check air filter for dirt. 

Af ery 1000 km the tappet clearances for inlet and 
be set at 0.25 mm and the spark-plug gap at 





be changed at 200, 500, 1000, 2000 km and 










That the tractor engineers need and want some clas 


4 km thereafter.” 

: 1 be highly desirable for American industry to 
a, ractor-fuel classifications, and the time to do it 1s 
4 nou 

- owing summation appears to be correct, con 
af ering all opinions: 

3 [hat few people realize the great number and varia 
Bion of tractor fuels being marketed today. 

A 





although not agreed among themselves as to how 


sihcatit 







many or what they should be. 
e 3. That oil companies, excepting the Pacific Coast, agree 
Sthat standardization reducing the number of fuels sold 





Pao 17 


Mwould be desirable. They request the tractor industry 
set octane rating and distillation range, using values 






mmercially attainable. (Demand for spark-ignition trac- 
fuel on the Pacific Coast is so limited that they are not 
lly involved in this problem.) 







[hat state laws are greatly responsible for the present 
tuation and action should come there first, followed by 
ndardization. This may appear to be as difficult as 

various European countries standardize on 

at least our states all speak the same language. 

tractor industry is being retarded by this situation, 

| the states can work toward standard classifications and 

for agricultural use. This is particularly true in 
states with heavy tractor population. 


Chat the farmer is interested in plowing cost per acre 







Bm having the 






dy but 












venience; so long as “distillate” shows a real sav 
e will be a demand for it. 






he ideal fuel would undoubtedly be gasoline. At 
ist One classification of lower-grade fuel should be the 
nighest grade which is unusable over the road and in gen 






Tal tax-exempt. 





t 


an octane requirement may present a problem 
rs in some localities, and that standardization will 
tain sales practices and general operating policies, 
e case with standardized automobile fuel. 








tor progress, the engineer definitely needs an 
mit and a distillation range. 





the difference in refinery cost of third-grade 





and lower-grade fuel is a small item and in some 
been unduly emphasized. Standardization will 
re the refinery cost appreciably. The real item is 







it any standardization which does not consider 
ts the purpose of low-cost fuel, and for that reason 
< on of the states should be again attempted. 






ust. 





vriter wishes to make the following recommenda- 
2 program to be followed: 
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Coordinating Research Council, In 


Courtes) 


a Fig. 5—Instruction plate from German tank (see text for trans- 
lation) 


1. That CRC complete its survey of the fuels now being 


marketed. (This survey will surprise many people.) 
2. The requirements gt tractor engines must be known 
Therefore, CRC 


should determine the technical requirements of tractor 


in order properly to set classifications. 


engine fuel, and this should be done promptly. 


3. That a determined attempt be made to coordinate 


state specifications and taxes through the North American 
Gasoline Tax Conference. The the 
Middle West having a large tractor population should be 


group of states in 
particularly interested in this, and one state has indicated 
willingness to have it done. The writer believes if this 
group is coordinated, the coordination will spread. 


4. That the tractor companies agree among themselves 
on classifications or specifications, and their number. The 
CRC report, and developments within the North American 
Tax Conference, should guide this work. Tax and speci- 
fication coordination within the states should come betore 
tractor engineers set their specifications; but should this 
retarding influence not be removed, it will be necessary to 
do the best possible under such conditions. Almost every 
other industry is heralding the wonderful things to be 
done after the war, and the farmer is entitled to progress 
in his equipment. There Aas been progress even under 
these circumstances, but it is limited by the states’ speci 
fication and tax muddle. 


5. That these specifications or classifications then be 


coordinated with the petroleum industry through the 


American Society for Testing Materials. 
The following points are suggested for consideration 


1. That the Federal Government may step into the fuel 
situation with regulations less acceptable than those directly 
concerned could cooperatively develop among themselves 


2. That one classification be set for heavier fuel which 


is tax-exempt, and this could be done now. 


3. That for lighter fuels this grade be blended with 


third-grade gasoline by the user, which is being done in at 
one state Oil technicians could specify the 


least now. 


percentage of blend to give a required octane rating. 


4. It would be preferable, from the user’s standpoint, to 
have all fuel used for agricultural purposes tax-free, in 
cluding third-grade gasoline. Such gasoline could be dyed 
prevent its use 


tractor use and to 


a standard color for 














over the road. (Saskatchewan uses purple, the fuel being 
tax-exempt. ) 


5. If third-grade gasoline is taxable in some states, such 
nondyed gasoline could be blended with the heavier fuel. 
If the heavier fuel is 30 octane number, it could be blended 


to 40 octane. The farmer in most cases already has two 
fuel storage tanks. 


6. With proper safeguards against over-the-road use, the 
states could do the farmer a great service by making third- 
gtade gasoline available to him without tax, and would 


simplify the entire fuel-problem. There will probably be 
objections to this suggestion. 


7. As another suggestion, it would seem that a satisfac- 
tory solution of the tractor specification problem could be 
obtained if all states were to set forth an approved defini- 
tion of “gasoline” and supplemented their gasoline (motor 
fuel) tax law by the enactment of “fuel use tax laws,” as in 
Connecticut, New Hampshire, Indiana, and Missouri, for 
example, as shown in the American Petroleum Industries 
Committee Digest TC ror. By this method, products 
which are generally classified as “motor fuels” are taxed 
under the gasoline tax laws and products other than 
“gasoline” as defined, if used to propel motor vehicles on 
the public highways are taxed under the fuel use tax law. 
The need for such legislation is evidenced by the fact that 
since 1936, 29 states have enacted fuel use tax legislation, 
either by separate fuel use tax laws supplementing the 
motor-fuel tax laws or by the incorporation of appropriate 
provisions in the motor-fuel tax laws, as was done in 
eight states, for taxing fuels other than “gasoline” when 
such fuels are used to propel motor vehicles on public high 
ways. 

The writer has tried to present, from an unbiased stand 
point, the conflicting elements in the tractor-fuel situation. 
Appreciation is extended to the experts who furnished 
opinions and data. No doubt the flow of comments on 
the proposed program will be like taking one’s finger out 


of a dike. 


DISCUSSION 


Discusses Factors 
Faced by Designer 
—EARL GINN 


Continental Motors Corp. 


S indicated by Mr. Colwell, cost of operation is the reason pro- 
moting the usage of heavy fuels for powering farm tracters. 


Their characteristics permit fair performance in carbureted spark- 
ignition engines. Although the specific fuel economy in pounds per 
hour or gallons per acre cannot equal that of the diesel engine, it can, 
without the higher initial investment required in the diesel type, 
operate at a somewhat lower cost than regular gasoline and at a 
considerably lower cost than gasoline in those states in which no tax 
refund is permitted. 

For these reasons, as Mr. Colwell points out, there is a consumer 
demand for low-grade-fuel burning equipment. There are, however, 
many engineering problems to be overcome in giving the farmer the 
economy and flexibility of operation which he desires. 

As pointed out in the paper, the octane number of distillates is 
much lower than that of even third-grade gasoline. Mr. Colwell 
points out that there may be some relief on this score in some of the 
newer methods of refining. At present, however, the engine designer 
can only lower the compression ratio commensurate with the octane 


of the fuel being burned. Of vital importance is the fact 


that the 
loss in expansion ratio in such a procedure materially reduces t 
theoretical efficiency of the engine, and, of course, in practice, the bey 


we can ever do is approach, not reach, the theoretical. 
We are al! familiar with the gains in fuel economy and 


owe 
the automotive field when stepping the octane number from 72 to 8, 
And we are all familiar with the tremendous output of high-oc 
fuel in aircraft engines. ‘ 
Now, when Mr. Colwell points out that two similar tractors a» 


operating on fuels differing by as many as 70 octane numbx 
only mean that at least one, and probably both, tractors are ting 
far below their peak efficiency, and that neither is the manufacture, 
taking all possible out of the design, nor is the farmer realizing fy 
on his investment. In this age of scientific control and efficiency, ¢} 
is certainly food for thought. 

Irregularity of octane number is not, however, the only prob! 
faced by the designer. Of perhaps equal importance is vaporizatio; 
and distribution of fuel to the cylinders. 

Since we are, at present, concerned with carbureted engines, y 
have a mixture of fuel and air to control. 

Air disposition at low and moderate speeds is relatively simple ang 
is usually accomplished by proportioning of passageways, althoug] 
high speeds, refinement of detail is imperative. 

Air disposition can be predicted mathematically. Fuel distribut 
is much more complex and, particularly in the heavy grades, cannot 
be forecast. The reason for this is because the fuel is in three dist 
forms: gaseous, in the form of fine suspended particles or fog; an 
liquid form, usually creeping along the walls of the induction system 

The proportion of each of these three states varies not only with 
the fuels used but also with changes in speed and load of the engine 

Vaporization and distribution of heavy fuels present the engineer 
with his most knotty problem. One approach might be to vap 
all of the fuel. This would reduce the problems of distribution to the 
fundamental laws governing flow of gases, and would eliminate ¢ 
dilution. Such an approach would, however, involve a manifolding 
system with all the intricacies of an efficient steam boiler. And 


a design would soon lose efficiency by fouling with the heavy residue 
present in the fuels. 











However, assuming that such a system could be worked mecha 
cally, considerable reduction in compression ratio would be requ 
to prevent preignition, because of the increased temperature of the 
cycle. This, coupled with the loss of volumetric efficiency 
result in so great a reduction in power as to be impractical. 

Therefore, a compromise is imperative. But where must the | 
be drawn? If too much of the charge is reduced to gas, loss of power 
and economy are experienced. If the wall flow is too great, exces 
dilution results. If the fog is not finely enough divided, both detona 
tion and dilution may be encountered. 


W 


If, in an effort to analyze the problem, the engineer charts some 0 


the fuels found over the country, he comes up with something 
this: 


ke 


Initial 5% 10% 25% 50% 95% 
Low, F 110 275 360 375 400 47 
High, F 375 410 425 440 480 In exces 
of ¢ 


This is an actual charting, made from samples taken in various 
parts of the country from users’ fuel tanks and analyzed. Octane 
numbers varied even more than the distillation ranges. 

Since it seems impractical to attempt to vaporize all the fuel, the 
answer seems to be to break up the liquid into a fog sufficiently fine 
to vaporize under the heat of compression. This will permit inductio 
temperatures low enough to give reasonable volumetric efficiency 
Cylinder cycle temperatures will be lowered by the latent he 
vaporization, giving a measure of detonation control, and dilut 
will be minimized by reduction of most of the fog to a ga 

To accomplish this, break-up of the liquid fuel, either thermal 
mechanical working of the fuel, or both, is required. 

Inasmuch as the fuel may be considered a homogencous mixture 
each gallon or quart or drop contains a certain percentage 
which vaporizes at a low temperature. If this drop of fuel is sud 
jected to moderate heat, the volatile portion of the charge reduces t 
gas, expanding many times its volume and literally blowing t 
into many more drops or droplets. 

It is also possible te accomplish this fine division of liqu 
mechanically, as, for example, in an injection system. 


In a carbureted engine, however, the mechanical means em 
are usually Venturii, ripping edges, or both, and are usually d 
at the conversion of liquid wall flow to finely divided fog. 

Upon heat of compression and turbulence, this fine fog can ! 


be converted to a gas within the cylinder for smooth flame pr 
tion and combustion. 


¥ 


SAE Journal (Transactions), Vol. 53, 





























































































































e believe, can be consistently reproduced 


- to ext 


ts resolution is, in our opinion, not as difficult as many 


tance of a percentage of low-volatility fuel can be readily 

In an engine burning heavy fuel and diluting exces- 
idition of a small quantity of gasoline will reduce these 
nsiderably. It is interesting to note that this improve- 
n accomplished without any loss in volumetric efficiency 
,e: in fact, induction temperature measurements will 
ght gain by showing reduced values. Percentage-wise, 
ids of the fuel have been but slightly reduced, yet its 
sracteristics are now greatly altered and improved. This 
tion on the importance of the thermal break-up of the 


- heavy ends of the fuel predominate in oi! dilution, the 
xercise a most important control on the diluting tendency. 
yn needs to be given to this characteristic. 
yut and efficiency are definitely limited and controlled 
sation of induction temperatures and octane number of 
hese control the compression ratio. 
!| has pointed out that a gain in economy of 13.5% and 
in power of 12.7% was obtained in one instance with an 
ympression of 1.2 ratios. This is a Conservative gain, 
But to realize fully 
ible, we must have fuels of controlled characteristics on 
ue engine design. Where would we be in both the aircraft 
if we experienced the range of fuels which face the 
eavy-fuel burning engine? 


Golde 


ting to standardize on heavy fuels for spark-ignition 
engines, it is #mperative that octane number and low end 
he given preferred attention. 

resent time, a designer is faced with the choice of pro- 
engine capable of operating on the worst fuel to be met 
mise the better, or design for medium grades with an 
ecification for the worst conditions. The latter choice gives 
better operating efficiency but introduces complications for 
ers and distributors. 
can be definitely classified as troublesome, but there 
poor fuels scattered throughout the country to cause con 

As Mr. Colwell points out, if com 

¢ registered, they are made against the tractor dealer. 


, , 


lardized classification for fuels would greatly simplify this 


uccessful operation. 


yoint with heavy f he starting of the engine. While 
tem accomplishes its purpose, it represents added manu 
st and operating complications. The advent of 
been hailed by operator and manufacturer alike, for the 
fy the starting problem but they produce power and 
and the ease of operation for which the industry has been 
We predict that the demand for this type of fuel 
and at a rapid rate. 


uels is 
power 
simpli 
will 
' 


lwell pointed out in the beginning of his paper, the four 
points relevant to this heavy fuel situation as it exists 


a difficult subject 
been with us for a long time 
lution will be difficult. 


olution would be desirable 
this chaotic condition has existed for altogether too many 
prob- 
which solutions have been found. 
ent months, the clouded skies appear to be a little lighter 
Tractor War Emergency Committee of the Society, the 
tive Research Council, Inc., and the various petroleum organ 
now giving the matter serious attention, solutions will come. 
f course, will come classifications, and then standards. The 
as Mr. Colwell pointed out, is suggesting two grades and is 
with the petroleum industry. 
ps the greatest problem of all resolves itself around the tax 
This can be dealt with only by sound recommendations 
! and backed by a united front. 
complexity of this phase of the matte: is very competently 
d in Mr. Colwell’s paper. 
nterest expressed by the North American Gasoline Tax Con- 
meeting in St. Louis, indicates that many eyes are focused on 
tter, and that the time is ripe for constructive and aggressive 


will be gained by this effort? A simplification of manufac 

r the producer, economy and ease of operation and freedom 
uble for the operator, and the satisfaction for us all that 
milestone in the cooperative progress which has made this 
what it is today has been passed — the satisfaction that comes 
ob well done. 
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Before the solution, must come the facts; and we feel that the 
industry is deeply indebted to Mr. Colwell for his unbiased and clear- 
cut presentation of these facts, and that it is up to us as an industry 
to follow through with some of the possible solutions indicated in the 
paper. 


Considers Minimum Fuel Cost 
Versus Minimum Farming Cost 


—Q. P. BARNARD 
Standard Oil Co. of Indiana 


NCE again Mr. Colwell has done an excellent job of the difficult 

task of collating opinions, many of them strongly conflicting, on 
a highly cont: omote 
pointed discussion and an early attempt at concerted and intelligent 
action on the basic problems which some day must be solved. He has 
thoroughly taken stock of the various opinions, which is necessary as 
a basis for any intelligent effort to clarify the wide misunderstandings 
of what constitutes “the tractor-fuel problem.” 

The 


tractor I 


»versial subject. This accomplishment should p 


current muddle concerning the characteristics required i 
uels is, in many respects, reminiscent of the early 
about the necessary qualities of motor gasolines 
line was primarily a waste product, 


upon 


arguments 
Prior to 1go0o, 

engines operat 
disposed of under th 
ssary more closely to 


became so intense that 


he very early 
whatever material was currently being 


name. ad 


As its use extended it became nece 


ind control its properties. The controversy il 


1921 the CFR was formed for the purpose of systematically attacking 
the problem Motor 


ot 


of “fitting fuels to engines and engines to fuels 
made to closely controlled limits as a1 


and subsequent fact-finding work of the CFR. 


are m ult the 


WwW 


tractor-fuel situation embodies one fundamental dissimilarity 
' 


npared with the problems of gasoline standardization; namely, 
t pect. Gasoline properties considered essential to good per 
fore the state and Federal 
were established, permitting the determination and selection of impor- 
tant properties on strictly technical 
fuel charac 


gasoline 


ixa 


mance were well understood b« taxes 


¢ The appraisal of tractor 


ground 
teristics must, of necessity, be influenced by the established 
taxing tem. Tractor 
which are necessari 
These principa 


Ss) operation may impose either of twe 


interlocked with the que 
basic demands are: 


} } 
principal demands, 
tion of taxation 


For fuels which will permit operating a farm ata 
farn ing cost.” 
2. For fuels which will 

1 


minimum fuel 
A by Mr. gasoline taxes are so high 
some states that gasoline will inevitably produce the highest fucl cost 
Maintenance costs are usually lower with gasoline, but not nearly low 
nough to offset the very high taxe To 
costs,” however, the farmer’s time and 
idered, with the result that gasoline, 
more than justified. 


permit operating the farm tractor at a 
cost. 
is pointed Colwell, 


out if 


a hieve “minimum larmings 
work schedule must be cor 
even with its high tax, may b 
This becomes even more striking when the use 
of gasoline might make possible the adherence to planting schedules 
which might otherwise be missed with lowered 
operating on tractor fuel. Minimum fuel cost, of course, will 
evitably be achieved with a tax-exempt fuel —even though 
performance may suffer. 


wher 
in 
tractor 


performance 


Obviously, 
which 


there is no categorical answer to the question as to 
fuel cost or minimum farming 
cost. The situation may vary from time to time, with the result that 
the same farm on the same farm, which might one year 
because 


is to be sought — minimum 


tractor 
»f favorable weather conditions most advantageously use low 
cost tractor fuel, might the next vear require gasoline in order to 
catch up with badly delayed planting schedules. 


It therefore appears desirable to scrutinize quite carefully recom 
mendation No. 2 of Mr. Colwell’s study to the effect that “CRC 
should establish the factors determining tractor-fuel performance.” 
The CRC should be able to assist materially in the solution of this 
portion of the tractor-fuel problem. The distinction between this and 
the motor-fuel problems upon which CRC has worked in the past 
should, however, be kept clearly in mind. Probably all will agree 
that a highly volatile fuel is best for any spark-ignition tractor engine 
Thus, there appears to be no particular need for cooperative test work 
aimed at evaluating the more favorable fuel characteristics. Any 
determination of the upper limits of tractor-fuel quality will neces 
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sarily be based upon tax-exemption considerations not on the 
requirements of the tractor engine alone. Possibly it can be argued, 
and justly so, that the lower limits of tractor-fuel quality must be set 
upon the basis of manufacturing tolerances and not upon specific 
engine requirements. In other words, fuel quality should be as high 
as possible, providing only the minimum necessary operating tol- 
erance to the fuel manufacturer. Here, however, appraisal of fuel 
characteristics becomes important as the lower limits required by 
various fuel manufacturers may vary quite widely — as emphasized by 
Mr. Colwell. The writer believes that the question of fuel manufac 
turing cost has been unduly emphasized. It is probable that estab 
lishing too rigid specifications would affect availability to a much 
greater extent than it would affect the cost of the material. Too high 
a minimum standard for tractor fuel, for example, might well result 


i 


and 


in tax-exempt tuels becoming unavailable in many 
problem which might be placed before CRC, then, is 
the extent the performance of heavy-fuel burning tract 
penalized by progressively lower fuel volatility and k 
The CRC investigation, therefore, would appear to « 
principally with appraising the effects, on tractor perf 
utility, of variations in minimum tractor-fuel quality. § 
might well embody the many details of tractor design 
endeavor which, to date, has not been considered for 
investigations. However, normal farm requirements are 
which is exempt from the gasoline tax and no stone should be |. 
unturned in order to provide products which will enable 
of the most efficient engines and the most effective operat 
that can be made possible under the existing circumstanc 
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continued 





and eventually discarded. We even once went so far as to try out 


such an insert which was purposely insulated from the piston head, 
the idea being that it would reach an equilibrium temperature and 
be cooled by the incoming air. The combustion characteristics of this 
arrangement were poor although I don’t recall any ring sticking. 


Two small “scuff rings” machined on the bull ring might well 
correspond to two stuck piston rings. The latter might even be 
preferable in that they would be automatically adjusted to the indi 
vidual cylinder and piston conditions. 


In another engine in which we found the 


top piston ring univer 
sally stuck, 


the suggestion was made that we leave it out altogether! 
This eventually led to a lowering of the top ring groove and re- 
sultant much improved operation. Although Mr. Bryan has not 
discussed this point I am sure he will agree that the top ring groove 
location should be below the bottom surface of the head for cast-iron 
pistons. 


Although the heat input and transfer to and from a piston may be 
quite accurately calculated, our experience has indicated that temper- 
atures measured in an actual working piston are somewhat higher 


than static piston under theoretically 
conditions 


those in a 


similar thermal 


Apparently, 
the piston 


temperatures were 


taken in a plane at right angles to 
This is 


undoubtedly satisfactory for the purpose of 


this test but the influence of the pin on the uniformity of piston-skirt 
temperatures as W 


pin 


as the influence of ribbing on the piston-pin 
temperatures cannot be overlooked in designing 
is thi 
pin. 


a piston. Especially 
in cast-iron pistons with relatively tight fits for the piston 
Improperly designed ribs leading excessive heat downward have 
been known to distortion due to the 
ing th 


truc 


caus¢ expansion of the pin carry 


piston bosse ’ outward 
The tests on pistons 4, B, and the piston shown in Fig. 6 and 
described on pp. 27-28 are not too convincing. The importance of the 
ring under the center of the head on Piston A is not too clearl\ 


brought out and I wonder if 


a uniform thickening of the head would 
not accomplish the 


same or better results. 


It would also be interesting to see the results of a piston with ring 
section similar to 


B but with a thicker head. Perhaps weight con 
siderations made such a design unwise 
It is unfortunate that a temperature diagram was not included for 


the piston shown in Fig. 6, inasmuch as this was the piston design 
finally adopted for production while aluminum was on tthe critical 
list. Were the ring temperatures as 


low as those of 
production piston? 


the aluminum 


The tabulations of ring temperatures given on p. 29 would 
seem to show enough difference between Piston A 
account for the tendency for 
the range 


lubricant 


hard] 

and Piston B to 
rings to stick on B but not on A unles 
from 530 to 547 F is a very for the particular 
What higher 


critical one 
used in the test would 


have happened if a 
flash oul had been used? 


In describing the set-up in the Appendix, mention is made that the 
piston is held centrally in the sleeve by three small wires. What 
Piston to cylinder clearance was used? For the purpose of comparison 
in Fig. 8 what, if anything, was done to compensate for the greater 
expansion of the aluminum piston which would normally reduce the 
Piston-to-liner clearance and result in increased heat flow. 


Mr. Brvan mentions this briefly on p. 28, stating the coefficient 
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EFFECT OF PISTON DESIGN 


from page 30 

















f heat transfer of the aluminum piston is about 9% less tl 
on. I should think it would be more. 








While on the subject of piston-cylinder clearance, it would be ir 
esting to know what difference, if any, might be expected un 
actual working conditions because of side thrust due to ang 
connecting rod 























Mr. Bryan made reference to “full load conditions” but did 


just what bmep values were involved. It would be of interest t 
this information. 


















































Methods of Eliminating 
Ring Sticking Described 






—FRED ZOLNE 


Zoliner Machine Works, Inc 







AGREE with Mr. Bryan that on aluminum pistons the tl 
the piston head with proportionat 
of prime importance. In practice, 
in thickness until coking disappears from the insid« 
head. However, in higher-speed and superchar 
idditional steps may have to be taken to eliminate ring sticl 


Thes 






ring belt and skirt sect 
the piston head should be i 





ol 





diesels 






1. Provide two scuff bands on the top ring land. 
about 1/16 in. wide 


project from the top land so a 
under conditions. Scuff band 
purpose; first, contact is established between the hottest 
piston periphery and the cylinder with resultant dissipatior 
and second, the bands 





and 





the cylinder operating 






serve to limit and restrict the 
gases which can impinge directly on to the top 


te 


quantit 





piston fri! 





5 





The next step, where further improvement is necessary} 
1 keystone ring in the top ring groove having an included 
about 15 deg and to be of the deep-wall type. Thi 
sticking in most cases, not through reduction of temperatur 
to the fact that when loaded with gas pressur« F tl 

load is transferred to the ring. The 
the loaded ring serves to remove th 
formed. 






ring 






some ofr the 





movement of the p 





carbon accumulatior 





3. In the most severe installations it may be necessary t 
the piston. This can be done by the conventional jet systen 
oil is supplied from the connecting rod to the inside of t 


1 


head, or it can be of the cast-in-chamber type. 






if 


In the chamber type a reservoir is cast in the head of th 
substantially the entire length of the ring belt and oil is co 
circulated through the chamber. 


To summarize: 


[ believe ring sticking can be eliminated 
s 


In most engin s 
well-designed aluminum piston of adequate sections using s ‘ 
and, if necessary, using a keystone ring in the top groove ¢ 


cooling reserved for more severe applications, such as 
and large engines of over 6-in 


2-cycie 


cylinder diameter. 
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‘AT TRUCK and BUS OPERATORS 
SHOULD KNOW ABOUT 


SYNTHETIC TIRES 


by J. E. HALE 


Firestone Tire & Rubber Co. 


RITING a paper on tires of synthetic rubber is a more 
less unsatisfactory assignment because it is so dif- 

to give any really new viewpoints or information 
use of the great frequency with which the subject is 
1 in the daily press and magazines. However, since 
facing a really serious deficiency in tires for essen- 


TATISTICS show clearly that, while the quan- 

tity of synthetic is increasing at a satisfac- 
tory rate, the stockpile of natural rubber is 
already dangerously low, with little hope of im- 
provement very soon. Less than 10% of the 
natural rubber that we actually need is being 
imported into the country. 


lt is necessary, therefore, that truck and bus 
operators learn the limitations of the synthetic 
tires that they will continue to get, and which 
will contain increasing percentages of synthetic. 


To aid the operators in giving these tires the 
are they need for maximum life and repeated 
etreadings, Mr. Hale gives here a short manual 

of dos and don'ts for the proper care of syn- 
tic tires. 


THE AUTHOR: J. E. HALE (M ’13), who has 
ited with the tire industry since graduating from 
in 1908, is now chief engineer of the Tire Division 
tone Tire & Rubber Co. He has devoted much of 
nt time to activities of the Armed Forces, concen 
particularly on Ordnance projects. Mr. Hale ha 
1 the SAE Ordnance Advisory Committee as chair- 

the SAE Rubber Products Subcommittee. 


oce 


tial hauling, some repetition and further emphasis on the 
methods that truckers must pursue in order to keep syn 
thetic tires on their trucks may be in order. 


In this paper I shall abbreviate to some extent and em 
ploy nontechnical terms. When I use the word “rubber” 
I refer to crude rubber or latex produced by nature; when 
[ use the word “synthetic” I refer to any one of the syn 
thetic elastomers, which are rubber-like substances; when 
I use the word “reclaim” I refer to the product as a result 
of reclaiming scrap rubber. The synthetic known as tir 
synthetic is buna S in the laboratory but called GR-S by 
the War Production Board. The synthetic most adaptabl 
for inner tubes is butyl or GR-I. The code letter for buna 
N is GR-A; the code letter for neoprene is GR-M. I will 
also have occasion to refer to the cord structure of tires, 
differentiating between cotton cord (which is a product 
of nature) and rayon cord (which is a synthetic product) 

Certain statistical material included in this paper is r 
produced precisely or in substance from publications trom 


Rubber Director Dewey’s office (Progress Report No. 5) 


m Availability of Materials 


This report, dated March 17, 1944, states: “During Feb 
ruary, 53,000 long tons of synthetic rubber were produced 
and we are now making synthetic rubbers at a greater rate 
than that at which crude was consumed in this country 
in any year prior to 1941.’ April production was more 
than 66,000 tons. 


First I will recapitulate the materials situation. Fig. 1 


shows at a glance the very satisfactory progress in bringing 
synthetics into production. 


Another table from Progress Report No. 5 is entitled, 
“Supply of Rubber versus Requirements — United States 
and Canada.” This is shown as Table 1. 

The important figure in Table 1 is the supply of new 


{This paper was presented at the SAE National Trar 
Maintenance Meeting, Philadelphia, June 29, 1944.] 
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rubber —only 90,000 tons for the United States and Can 
ada — say about 75,000 tons for the United States is all we 
will get. Put on a percentage basis, new rubber coming 
in will be less than 10% of our requirements, while over 
g0% of our requirements will have to be taken care of 
by synthetics after we quit allocating rubber from our 
stockpile. It is my understanding that in succeeding years 
the yearly rate of new rubber will increase somewhat but 
at present it is not possible to predict any substantial ton- 
nage. 

Looking again at the table, we can see that 56,000 tons 
were imported in 1943 and 90,000 tons are estimated for 
1944. It is very clear, however, that this rate of increase 
will not carry over into 1945. It is not likely that the 
total imports for the United States and Canada will be 
over 100,000 tons for 1945. Incidentally, it is of interest 
to note that of new rubber coming into the United States 
this present year, nearly 25% of the rubber will be from 
the Firestone plantations in Liberia. 

Next, let’s look at the rate at which the stockpile of 
rubber is diminishing, as shown in Fig. 2 (from the Rub 
ber Director’s Report). It is interesting to note that even 
now the stockpile of crude rubber is substantially below 


Table 1 — Rubber Requirements and Supply for 
United States and Canada 
Requirements 


Yearly Totals, long tons 


————EEE 


Synthetic (all types) 
Rubber 


47,000 182,000 

Total 542,000 982,000 
Supply 

Synthetic (all types) 234,000 869,000 

Rubber ; 90.000 

Total 290.000 959.000 


the recommended “cushion” of 100,000 tons 
recommended by the Baruch Report. 


This brings us right up to the bald fact that 


Ninimyn 













































with onl 
approximately 75,000 tons of new rubber comin dent 
country this year, there just is not going to be enoyst 
rubber to use to any extent in tires. There are ws 
substantial number of items used by the Armed | 60 
which just have to be made of rubber because syn; i 
will not do. A few civilian items must also have rubbe fe 
Industry and transportation have to face the fact that ther fain 
will be an exceedingly small amount of rubber t: 40) 
tires. 


Reclaim is being produced in the United Stat 


rate of about 320,000 tons a year. This rate of product 


just about balances the demand, and no provision is | 


made at this time for increasing the production of rec] 


The tire cord situation has not been dramat 


comparison with the rubber and synthetic mater 
tion but it is quite critical. Figs. 3 and 4 from the R 
Director’s Report No. 5 give the gist of this situation 


Briefly, we observe that the requirements in bot! 


and cotton cord are increasing while the supply of cot 


is more or less stationary with diminishing inventor 


the consumption of rayon cord will increase very mater 


as the new production comes in. At Pearl-Harbor 
high-tenacity rayon tire cord was being produc 
rate of about a month. When th 
expansion program is completed, the production 
be approximately 16,000,000 lb a month by the end of 


and over 20,000,000 |b a month some time in 1945 


2,000,000 b 


In addition to the relationship between suppl 
requirements for tire cord, it is important to rea 
the effectiveness of our synthetic tire program 
largely dependent upon our ability to get a sufficient 
of rayon to use in synthetic tire constructions. The ber 


of rayon, which are cooler-running, longer-lived synthet 


tires, will be repeated later in this paper but it may be 
to peg the rayon superiority by the following summary 
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* = Fig. 3— Rayon supply and consumption 

P : 

4 Rayon is stronger than cotton — pound for pound or 
® cage for gage. 

2 ; : ; 

™ 2. Tires made of rayon develop less heat than tires made 
S At COTTON 

m® of cotton 

a Tires made of rayon are not as subject to premature 
body failures as tires made of cotton. 

d [Tires made of rayon can be designed to give longer 
© tread wear than when made of cotton. 





lires made of rayon, being freer from impact breaks, 
be retreaded more times than tires made of cotton. 





lires made of rayon conserve rubber over tires made 
I cotton 





Tires made of rayon are lower cost per mile than tires 
i¢ Of cotton. 






s made of synthetic rubber and rayon are superior 
made of synthetic and cotton. 






# Proportions of Synthetic in Tires 


1 
r 
| 





rough the several years of synthetic tire development, 
4 procedure has been to prove in lower percentages of 
ynt first and then as technical accomplishments and 
w how” have progressed, go to the next higher per- 
ntage of synthetic. Incidentally, tires referred to as 
tires” may be any combination or proportions 
thetic, rubber, and reclaim — so long as they contain 
thetic, they are so labeled. 










ibber industry, the Ordnance Department of the 
nd the Rubber Director’s technical staff developed 
4 sequence of steps of increasing synthetic content identified 
umbers, as shown in Table 2. 











Table 2 - Synthetic Tire Constructions 
Approximate Ratio of 


“S” Classification GR-S to Rubber 
S-7 50 - 50 

(Varies 40 - 60) 
j S-6 70 - 30 
% S-4 90 - 10 






8-3 100 - 0 









Janua 


1945 


Table 3 ~ Highway Tire Constructions Permitted by 
WPB for Civilian Trucks 
(As of June 1, 1944) 


Delivery Truck Sizes and Plies Tubes Casings 
6.00-16 - 4 and 6 GR-S S-3- 
6.50-16 - 6 GR-S $-3-C 
7.00-16 - 6 GR-S $-3-C 


Notes: C = Cotton. 
R = Rayon. 
Other rim diameters the same. 


Table 4 - Highway Tire Constructions Permitted by 
WPB for Civilian Trucks 
(As of June 1, 1944) 


Light Truck Sizes and Plies Tubes Casings 
6.00-20 - 6 GR-S $-3-C 
6.50-20 - 6 and 8 GR-S $-3-C 
7.00-20 - 8 GR-S S-3-C 
7.00-20 - 10 GR-S S-4-C 
7.50-20 - 8 GR-S S$-4-C 


Notes: C = Cotton. 
R = Rayon. 
Other rim diameters the same, 


As synthetic rubber became available in substantial 
quantities about the first of 1943, the Rubber Section of 
WPB set up a forward program of mandatory “conversion” 
schedules (converting from rubber to synthetic). These 
conversions were very detailed and made public through 
rubber orders from time to time and were the guides for 
changes in the synthetic composition of tires as of certain 
dates in the future. The rubber orders also specify where 
rayon or cotton cord should or could be used. As of June 
1, 1944, the status of conversion is shown in Tables 3, 4, 
and 5. From month to month we are going to have 
mandatory regulations directing us to go to a larger per 
centage of synthetic and a smaller percentage of rubber. 


@ Production Facilities 


The overall demands for rubber products for the Armed 
Forces and civilian use are so great that there is actually 
a shortage of production facilities in the rubber industry 


MILLION 
POUNDS 


80 
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a Fig. 4—Cotton cord supply and consumption 
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m Fig. 5— Effect of speed on heat build-up 


for mixing, calendering, and the various fabricating oper- 
ations. In tire production there is a shortage of equipment 
in connection with some of the production operations in 
building and curing tires. 

In addition to this, some of the manufacturing processes 
take more man and machine hours in fabrication of the 
various phases of synthetic production — resulting in up to 
30% reduced production on a comparable basis. 

I won't attempt to present statistics on requirements of 
military and civilian tires but suffice it to say that there 
just is not at present any possibility of building all the tires 
that are going to be needed for the next few months. It is 
true, however, that WPB has given the rubber industry 
approval to expand production facilities during 1944 to 
an extent which should eventually provide for adequate 
capacity. 


m Synthetic Tire and Tube Development 


When I started to write this paper I fully intended to 
give mileage and percentage figures which would give a 
numerical valuation showing in a clear-cut way just how 
good or bad we are in this new product compared with 


the rubber tires with which we are familiar. There has 
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w Fig. 6—Effect of load on heat build-up 


Table 5 —- Highway Tire Constructions Permitted | y 
WPEB for Civilian Trucks 
(As of June 1, 1944) 
Medium Truck and Trailer 








Sizes and Plies Tubes Casings 
7.50-20 - 10 GR-S $-4-C 
8.25-20 - 10 GR-S S-7-R 
9.00-20 - 10 GR-S S-7-R 

10.00-20 - 12 


S-7-R 
11.00-20 - 12 









Notes: C = Cotton. 
R = Rayon. 
Other rim diameters the same. 






been an enormous amount of road testing and developmen 
work, but I finally decided against presenting these statis 
tics because of the fact that it is not easy to convert tes 
fleet results into dependable predictions of the mileage and 
general satisfaction that fleet operators will obtain. I there. 
fore concluded that I would summarize the known differ. 
ences in the behavior of synthetics compared with rubber 
tires as the most effective way of establishing an under 
standing of the limitations of synthetic and thereby form 
a basis for making recommendations on the manner in 
which synthetics should be handled in order to 
factory service. 









get Satis 

























} 275 200-20 

| 3450 Loao 

35 MPH. 

100°F Room Tene 














iS 
3. 










J | 
SYNTHETIC RAYON 
5-7 


AiR TEMPERATURE (N TUBE 


| 
SS tbe. Peas. | 
| 


450 















Twa FrmgsrTrowa Wee € 
RCo 


g “Ws 








620-46 
| aoe 





m Fig. 7 — Effect of underinflation on heat build-up 










It is helpful to list first the more important physica 
characteristics of the synthetic tire rubbers which are 
interest in the fundamental benavior of forms of tir 

GR-S stocks are inherently somewhat stiffer and hard 
than rubber stocks. 






GR-S stocks have a higher hysteresis loss than rubber 
stocks. This manifests itself in a pronounced tende! 
the GR-S stocks to heat up to a greater extent when | 

GR-S stocks have lower tear resistance than rubber an 
this manifests itself in a tendency for tread stocks to snag 
and chip and develop cracks in the grooves, this 
characteristic being also a function of flex cracking. 

In abrasion resistance as in tread wear the GR-S 
rubber stocks are about equal. 

In the matter of adhesion and cohesion, both t 
and other stocks, buna S is somewhat inferior to rub! 

GR-I is not satisfactory for tire casings but does h 
proper qualities as a more promising inner tube sto 
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laboratory heat-test measurements to show what sort of 
problem we are up against. 

Since we have a very accurate way of measuring the 
temperature of the air in the inside of the-tube when the 
tire is rotating on laboratory test drums and also since we 
consider the internal air temperature a good composite 
indication of the heat of the whole tire, we use this a good 
deal in making comparisons. Fig. 5 shows the effect of 
speed on heat build-up, comparing S-7 rayon with rubber 
cotton tires at 35, 45, and 55 mph. Fig. 6 shows the 
relationship when the tire is overloaded. Fig. 7 shows what 
happens when we underinflate. Fig. 8 is included to show 
the basic difference in heat build-up in the different tire 
constructions which are under discussion and should be 
compared, all of course under standard operating con 
ditions. 


7uee 


In examining Figs. 5, 6, and 7 it will be noted that the 
rayon S-7 tires run cooler than the rubber cotton tires, 
which immediately raises the question as to whether the 
conclusion might not be drawn that S-7 rayon tires — even 
in their present state of development — are already better 
than rubber cotton. Fig. 9 is included to show visually 
and by figures the reason that the S-7 tires run cooler. It 


g. 8 -— Effect of tire construction on heat build-up will be noted that there is less bulk and weight in the S-7 


rayon tire, with the natural result that there is less heat 
build-up. 


Aree TEMPLMATURE 


It is convenient to make general comparisons by use of 
the temperature of the air in the tube. In addition it is 
common practice to investigate the heat build-up in dif 
ferent parts of the tire by means of the needle pyrometer. 
I am including Figs. 10 and 11, which show that the 
temperature in the hottest part of the shoulder region of 
the tire is considerably higher than the air in the tube. 
Moreover, they emphasize the fact that as overload 1s 


his stock has a lower rate of diffusion than rubber 
es it especially desirable for holding air pressure. 

een found that the use of GR-S in tires develops 
ng characteristics: 

to the lower adhesion and cohesion characteristics 
ires are more likely to have both tread separation 

separation. This trouble is also accentuated by 


d-ups. increased, the temperature in the shoulder region goes up 


at a much faster rate. This is an example of one of the 
‘ely to have heat blowouts, particularly if cotton many factors with which we have to contend. At the same 


Due to the higher heat build-up, the cord body casing 


S USCC 


time it has to be remembered that synthetic rubber under 

(he greater inherent stiffness of synthetic body stocks high-temperature conditions loses its desirable physical 
tire body that is somewhat less flexible, with the characteristics to a greater extent than rubber, all of which 
hat under abusive operating conditions the cord we recognize as an explanation of why we cannot overheat 
nore likely to be ruptured. synthetic to the same degree as rubber without prematur« 


ty) 


thetic tires develop higher temperatures than rub tailure. 
under identical operating conditions; the higher It is interesting to note the higher horsepower loss in 


ls, the greater the load, the greater the under synthetic tires compared with rubber tires under the same 
tH} 


he more this heat build-up is accentuated. This operating conditions. Fig. 12 shows the difference in 
. . . , “nop” 1 
heat build-up is so important that I am including power loss in S-3, 6.00-16’s compared with “CB” rubber 


a Fig. 9—9.00-20, 10-ply syn- 

thetic S-7 rayon tire (left) 

compared with rubber cotton 

tire (right) -—S-7 rayon tire 

weighs 92 |b and rubber cot- 
ton tire weighs 98.5 Ib 
















10-Contained air and shoulder temperatures —9.00-20, 10-ply tire - rubber cotton —speed: 35 mph; inflation: 65 ps 








tires with variations in load. Fig. 13 displays the synthetic 
S-4, 7.00-20, 10-ply compared with an “AB” rubber control 
tire, in this case with varying inflation pressures. These 
tests were run on the “Sprague” machine, which measures 
power input and power output and, accordingly, does not, 


of course, translate directly into effect on the vehicles as a perform more or less the same as those in the deliv 
whole. 


truck sizes under normal operating conditions. However 
in this group, due to the thicker tread and greater num! 

of plies, tread separation and premature body failures wil 
Delivery truck sizes which are made in the S-3 construc 


3 be somewhat more prevalent under unfavorable operatin 
tion will in average service deliver mileage performance conditions. 


substantially equal to the service of tires made of rubber. 
Tread wear will be substantially the same since the tires 
are only 4- and 6-ply and the heat build-up is not likely to 
be troublesome. Premature body failures can be trouble- 
some if the tires are overinflated or abused on rough 
highways. There may be a tendency for tread cracking 


and radial sidewall cracking to develop late in the life « 
the tire. 






The sizes used on light trucks and small buses are 
wise of S-3 construction. They can be expected to g 
substantially equal service for tread wear and, in gen 
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We can interpret our test fleet experience in predicting 
truck operator experiences approximately as follows: 









The group of sizes used on medium trucks and trailers 
constituting the larger vehicles engaged in intercity hauling 
and intercity bus operations have been the basis of by far 
the largest proportion of our road and laboratory testing 
\t present we are in production on the S-7 construct 
using 40-60 % synthetic and sometime during the summ« 
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temperatures — 9.00-20, 10-ply tire — synthetic rayon, S-7 — speed: 35 mph; inflation 


vill have to make the move to the S-6 construction 
sing 70% synthetic. We tire people have satisfied our 


ul 


hat S-7 tires used under favorable operating con 


tions will do a good job; possibly not quite so many 
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rubber tires but certainly good enough so that 
will not have much cause for complaint. The 
however, that they will not stand abnormal oper 
iditions to the same degree that rubber tires will, 


or any combination of these. Even though the 
made of rayon, if the operating conditions are 


orable, premature separation and body failures will 


}] 


ledly more prevalent in the synthetic constructions. 


find that the rate of tread wear with synthetics is 
| by the seasons; that is, synthetic tires run in winter 


a Fig. 13 —Horsepower loss 
comparison for rubber and syn- 
thetic, 7.00-20, 10-ply tires 


have a rate of tread wear almost comparable with rubber. 
On the other hand, synthetic tires run in summer have a 
faster rate of wear with somewhat less total mileage. Then, 
of course, in addition, under heat conditions the tread 
cracking is much accentuated. 

The larger trucks and buses in city operation which 
ordinarily are not subject to heat build-up should give 
satisfactory service in city hauling with proper preventive 
maintenance. 

Inner tubes made of GR-S give some trouble due to 
circumferential cracks at the point of contact of the beads 
and rim, particularly if they heat up. Also, GR-S tubes 
under heat get stretched out and flabby. As a result the 
rubber industry is looking forward to more general use of 
butyl (GR-1) in tubes when and as it becomes available 
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GR-I behaves like rubber with the added advantage of 
holding air much better than rubber. It has one unfavor- 
able characteristic, however, a tendency to stretch in use. 

Army truck tires are in production and satisfactory in 
larger percentages of synthetics than in the same sizes of 
civilian truck tires because of the more favorable non- 
cracking tread design, proper attention to air pressure, less 
overloading, and less overspeeding, also much shorter mile- 
age expectancy. 


m Reconditioning of Synthetic Tires 


While the development of synthetic tires has been going 
on, practical and effective procedures for repairing and 
retreading various classifications of synthetic tires have 
been perfected. Manuals have been written and are in the 
hands of repair shops so that most of them are properly 
informed on how to handle this work. 

Inasmuch as it is quite common to have questions put 
to us on various phases of this part of the business, I will 
give a condensed summary of the essential factors. 

In any of the various forms of retreading, recapping, and 
top capping either rubber camelback, synthetic camelback, 
or reclaim camelback can be used successfully on either a 
rubber body or a synthetic body. Any of these combina- 
tions is effectively handled by the use of a layer of approxi- 
mately 1/16-in. gage cushion gum of rubber necessary as 
a tie-strip for proper adhesion. By way of comparison, a 
synthetic versus a rubber-reconditioned tread should give 
substantially the same ultimate tread wear mileage but the 
synthetic is more susceptible to cuts and snags. There 
should be no difference in the possibility of a synthetic 
retread separating from the cord body compared with a 
rubber retread. 

There are no special precautions needed in retreading 
with synthetic except that the splice has to be a rubber 
gum strip to make sure the splice will not open up. Since 
reclaim can be mixed with either synthetic or rubber in 
any proportions, the camelback used may have some re 
claim in it according to the competitive grade or Govern- 
ment regulations. There are no particular complications 
in using reclaim but it should be borne in mind that as the 
percentage of reclaim in relation to the rubber or synthetic 
goes up, the ultimate tread wear goes down and in a 
general way it can be stated that an all-reclaim retread will 
give only about one-third of the mileage of a 100% syn- 
thetic or rubber retread and the various percentage rela- 
tionships of reclaim will give proportionate mileage. Up 
to the present time the only WPB regulations for camel- 
back for truck tires is “A” grade but as a matter of infor- 
mation, when “C” grade camelback has been used, the 
mileage runs about 30% less. 

For repairs on tires made of synthetic bodies, the proce- 
dure of repairing is the same as for tires having rubber 
bodies. The repair materials may be of either synthetic or 
rubber, the only special feature is that there must be a 
layer of rubber cushion between the repair and the material 
that is used. As with sectional repairs on rubber tires, truck 
operators should use repaired synthetic casings on easy 
positions where loads are not too heavy and speed is not 
too great. 


mw Tubes 


In the repairing of synthetic inner tubes we have two 
subdivisions of this problem due to the fact that some tubes 
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are made of GR-S (which has a red identifying 
the base side of the tube) and still other inner tu} 
of GR-I (which has a blue identifying stripe on the hy 
side of the tube). The GR-I (butyl) tubes are quite es 
to repair; in fact, the procedure is not substantially gj _— 
ferent from that of rubber tubes. On the other hand iy oad 
GR-S (buna S) tubes require rather special treatme, Iie *! 

because of the greater tendency of the GR-S rubber to te; ms 
easily. To make a repair that won’t tear, we have to ys 
a sandwich patch, that is, the repair patch material beig, “4? 
applied both inside and outside. The cold-patch metho; io 
should only be used as an emergency method and at ty ae 
operator’s earliest opportunity a properly cured pad ie 
should be substituted, since cold patches will not hold fp, , 
more than a couple of hundred miles. hy 
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m= Care and Use of Synthetic Tires Bin 
I have tried to develop in the paper so far: oe the 

1. The tires we are going to make and use, at least yp I I 
to the time of the recovery of the Far East plantations, ar T: 


50% synthetic now and eventually will have to be mat 
almost entirely of synthetic. 

2. The present facilities of processing rubber are inak 
quate to make all the tires that are going to be needed, a 
least for the time being. 

3. Synthetic tires if operated within their known limit 
tions will do a pretty good job. 

4. Synthetic tires will go out of service due to premature 
failures under overload, overspeed, and improper inflation 
conditions which are not too troublesome to tires made of 
rubber. 

Accordingly, fleet owners and operators should be real 
tic about the existing situation, accept these facts, an 
organize to provide preventive maintenance designed t 
favor and coddle the synthetic tires. Most of the preven 
tive maintenance “dos and don'ts” which follow are not 
new; they have all been printed innumerable times or we 
have heard the subject covered over the radio. The ides 
treatment of tires would be to use them in such a manne: 
that they could be retreaded two, three, or four times. Th 
will be possible, provided the operator does not overload 
does not overspeed, and uses proper air pressures. 

Advice and admonitions have flowed continuously an¢ 
perpetually from the tire manufacturers designed to en 
courage the truckers to take better care of their tires in the 
interests of economy. Now it’s different — not just econom} 
but the really serious fact that there will not be enough 
tires. So, it’s not a question of tread wear as much as 
conserving the tire body for retreading. 

Here are my recommendations on how syntheti 
should be used in order to get the most out of them 

Put a Limit on Your Loads! Inform yourself as to the : 
maximum load per tire set up by the Tire & Rim Asso Jy 
ciation tables. See that no synthetic tire carries a load an) 
heavier. You have to be conscious of figuring the load on 
each individual tire; averaging loads on the whole truck 
or one end of the truck will not do. See that the p 
is properly distributed in the body of your truck an 
trailer. We can’t even agree to the 20% overload 
by the ODT sometime ago. Overloading the tires w! 
make them flex more which will develop heat wi 
turn may result in tread or ply separation and premature 
body failures, either from flex breaks or impact breaks. !! 
addition, heat build-up will make your synthetic tubes & 
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hese things happen, then you can’t save the body 
for retreading. If you feel that you must carry 
put on larger-size tres. 

Li »ur Speeds! The higher the speed, the higher the 
tem| re builds up in the casing with the same general 
; mentioned under overloads. High sustained 
spe articularly bad. Short bursts of speed of a mile 
ith intervals of slower speed or stops for cooling 
not too troublesome. The objective should be to 
limit iverage cruising speed. This is so important that 
[th he truck and bus industries should program on a 
new basis of recognizing in cold weather they can run at 
ert needs; in moderate weather they will have to 
redu ie speeds; and in hot weather they will have to 
reduce the speeds still further. I wish I could make some 
definite recommendations but this is not possible until we 
nsiderable background in actual experience due to 
tely varying conditions. As a means of conveying 
seneral character of what I have in mind, however, 
setting down some suggested tentative figures in 
6 as a means of presenting a new thought for serious 
consideration. 


Table 6 - Suggested Approximate Speed Limits for 
Cold, Moderate, and Hot Weather 


Atmospheric Average Cruising Maximum Speed for 


Temperature, F Speeds, mph Short Distances, mph 
Under 40 40 50 
40 to 80 35 45 
Over 80 30 40 


I realize this is a disconcerting recommendation, to say 
the least, but you just can’t afford not to program on such 
| basis if you want to preserve the bodies of your tires for 
retreading. 

Check Your Tire Pressures! Use only the Tire & Rim 
\ssociation recommended pressure, and this means the 
pressure as observed in the cold tire. Pressures should be 
checked often enough to know that the proper pressure is 
in the tire. Ordinarily twice a week is sufficient. Do not 
inder any circumstances “bleed” the pressure down where 


t has gone up due to heat affecting the tire. 


Underinflation is particularly bad because the tire flexes 
more and builds up heat in a way to bring about troubles 
resulting from heat and high temperature. 

Especially do we caution against running synthetic tires 
flat even for any distance at all because it has been found 
hat such a practice loosens the cords on the inside plies to 

n extent that the casings have to be scrapped. 

Do Not Overinflate! 1 particularly caution against this, 
though it is quite a common practice, the belief being 
hat it is all right to overload the tires if the pressure is 
orrespondingly increased. It is true that higher inflation 

the deflection but when a tire is overinflated, the 

ire under a higher degree of tension and conse- 

are much more likely to fail from impact breaks. 

Chis is especially true in the case of synthetics due to the 

st nature of the stock. With overinflation there is 

sreater likelihood of tread cracks, which, in the case 

thetics, are accentuated. With overinflation, too, 

y of pressure on the tread is localized, with greater 

of tread separation. Also, there is greater possi- 
premature bead failures. 
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Every Fleet Operator Should Have a “Tire Man"! This 
“tire man” should have a tire background, and it should 
be his job constantly te check inflation, loading, and do 
everything possible to see that synthetic tires are given a 
“break.” With the proper backing from his superiors he 
can make a real showing in preventive maintenance on 
tires. A system of tire records should be set up and the 
garage superintendent should take an interest in the 
handling of the tires. Each vehicle in the fleet should be 
subject to a “tire load analysis” after which a record should 
be made of the load limit and distribution of load on the 
body. If, in spite of the “tire man’s” best efforts, premature 
failures such as separation, body failures, and cracking 
develop, then a qualified tire company representative 
should immediately be called in for consultation and by 
this procedure probably result in enabling the operator to 
take steps to avoid further loss by changing the operating 
conditions. 


Retread at the Proper Time! One of the most important 
of the tire man’s duties would be to watch the tires to see 
that they are removed for retreading at the proper time 
before they are worn too far and at the same time all 
through these frequent inspections watch for tread cuts 
and tread cracks, which should be taken care of imme- 
diately. After they have gone smooth, the further the 
treads are worn, the more danger there is of road litter 
punching holes through the undertread and starting de 
terioration of the cord body. 

There are two prevailing viewpoints on the proper time 
to retread. One is to catch the tire just after the tread has 
gone smooth and if there are no cuts or cracks in the 
undertread at this point, the tire can be tread-capped. The 
other treatment is to allow the tire to wear down further, 
almost to the point where the tread ply is about to show 
through and then add a complete retread. This is def- 
initely advisable if there are any small cuts as it enables 
the retreader to get down to the cord body of the casing 
and make the type of inspection which will disclose any 
body ply injuries or separation about which it is desirable 
to know. There are arguments on both Sides in favor of 
both types of procedure. The road operating conditions 
will probably determine which is more economical for 
your particular operation. 

It goes without saying that when a tire is up for retread 
ing a very thorough inspection should be made for ply or 
tread separation as well as for cord body weaknesses which 
might interfere with further worth-while service of the 
casing. 

In addition to the above. it goes without comment that 
all the commonplace preventive maintenance procedure 
should be observed such as: 

1. Eliminate abuse by: 

Starting easy. 
No violent application of brakes. 
Avoid hitting curbs, road obstacles, and the like. 
Taking curves slowly. 
Avoiding rim bruises. 
2. Add mileage by: 
Careful mating of duals. 
Brake adjustments to equalize. 
Always use valve caps. 
Correct wobbly wheels and worn bearings. 


Rotate tires, including spare. 














Keep front wheels in proper alignment by peri- 
odic checks. 


Tire and wheel balance helps. 
Replace sagging trailer axles. 
3. Preserve tire body by: 
Repairing cuts. 
Recapping when worn smooth. 
Keep oil and grease off the tires. 
Don’t use rims with bent flanges. 
Tires not in use should be stored away from light, 
heat, air currents, and dampness. 
4. Make tubes last longer: 
Use care in mounting on drop-center rims — not to 


pinch. 

See that truck flaps are used and in good con- 
dition. 
Clean dirt out of casing before putting the tube 
back. 

Use lubricant with synthetic tubes — soapstone or 
soap on base of tubes and tire beads. 


5. Avoid unnecessary tire changes by: 


Using most approved procedure in mounting and 
dismounting tires. 


@ Future Outlook for Synthetic Tires 


It seems that every writer on the current rubber situation 
feels the urge to prognosticate on the future so I will add 
my two-cents’ worth. What will happen to synthetic rub- 
ber once again we get around to importing crude rubber 
from the plantations in the Far East? Of course, nobody 
can answer what will happen with any finality but it is 
scmething on which we can speculate by talking about the 
economical, technical, and Governmental aspects. 


First, from the technical point of view my personal belief 
is that «chemistry and engineering will continue to make 
very favorable progress from month to month in develop- 
ing the use of synthetics, new varieties of synthetics which 
will be more and more suitable for the work at hand so 
that, given two, three, or four years more and an oppor- 
tunity to work on technical developments, we will be able 
to produce tires of even better qualities and characteristics 
than we have been able to make with natural rubber. Just 
as chemists have been able to make rayon better than 
cotton, just as the plastics chemists are developing such 
remarkable new basic materials, and just as the metallur- 
gists are able to make such remarkable alloys, I believe that 
the research that is being conducted on synthetic rubbers 
will eventually develop equally effective solutions to prob 
lems which now appear somewhat puzzling. 

Taking aspects, we have to start 
with the fact that crude rubber can ‘be set down in New 
York at around 1o¢ per lb and still give a profit to the 


plantations in the Far East so that is the price we have to 
meet in synthetics. 


next the economical 


At the present time we cannot get 
anybody to commit themselves on how much it costs to 
make synthetic rubber but as I get answers to my inquiries 
from several sources, I get myself in the frame of mind 
where I am willing to believe that the producers of syn 
thetics are going to get the price of production down to a 
very attractive figure. The plants producing synthetics are 
all new; they have been built with the objective of being 
able to produce under emergency pressure but they are 
certainly subject to improvement in efficiency as they get 


more experience. I am told, even now, that the outpy; 
the plants is constantly increasing so that we have 
prospect of continually reduced price of the basic ; ae 
There is another angle which is very important: the 
plants are all paid for by the people of the United Sty. 
Whether the Government will write these off or whethe 
they will handle the final accounting along other lines 
not known. But, basically, we start with cheap materia 
and it stands to reason that chemists are going to be smar 


enough to take these cheap materials and work out low-cog 
synthetics. 


the 


The remaining unknown is, of course, the Governmen 
attitude toward the whole program. It is possible Ke there 
might be some national psychology directed toward oy 
obligations to keep plantations in the Far East acti 
regardless of what we can do to help ourselves. Then ther 
is the question of tariffs and political viewpoints. Wh 
wouldn’t it be a good thing for engineers to take a matte; 
of-fact and realistic viewpoint and urge that synthetics 
given the best break that they can in the interests of com 


mon sense and let economics dictate how this will 
finalized? 


Now I realize this is a frank and possibly not too opt 
mistic recapitulation of the status and raises questions as t 
what we have to look forward. Also, I suspect there is: 
fair amount of wondering about the tire company publicity 
claiming and asserting one thing and another. 

It works this way. While WPB has set up scheduk 
making mandatory the use of certain overall percentage 
of synthetic, they have very wisely left all the doors wid: 
open to individual initiative for each manufacturer | 
resort to the use of formulas, constructions, and othe: 
details which in the judgment of the manufacturer » 
produce the best synthetic tires. 

For example, in considering the S-7 construction mos 
rubber companies use rubber throughout the tread plies t 
combat the tread separation. Some rubber has to be used 
in the body plies. If they use a high percentage in the cor 
plies, not enough rubber can be allotted for the tread s 
a combination has to be resorted to in the tread itseli 
some cases the tread between shoulders is a duplex co! 
struction where the wearing area between the shoulders 
rubber and the undertread synthetic while from the shi 
der down to the beads the shoulder tread rubber and the 
sidewall would be all synthetic. In some cases the 
body has a small percentage of rubber next to the cord 
with a synthetic coat. In some cases the manufact 
have worked it out to use rubber in the cord plies und 
the tread portion and all synthetic in the sidewal 
beads. One company is even considering new mold eq 
ment to get a design intended to have more effecti\ 
dissipation in the shoulder region. Another practic 
have the plies coated with synthetic and inserts mad 


mixture of rubber and synthetic between plies in the crows 
of the tire. 


Behind the scenes an enormous amount of resea 
going on designing and inventing and prospecting © 
polymers, improved formulas, more economical prod 
and better performance. And I can say that real progress 
is being made; each month the test mileage creeps up 2 
little higher. We are going to come through with 
factorily developed synthetic tires—but not quite soon 
enough to take care of this year’s emergency — that’s why 
we must ask the truck operators to do their part. 
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IRCRAFT engines have taught engineers Mr. Young warns, however, that aircraft- 
"get valuable lessons, some of which may engine practice should not be followed too 
well be applied to the design of ground vehicle closely, so that the result would be considerable 
at engines. structural flexibility that might be detrimental 
in certain ground vehicle engines. 
These lessons are discussed here in detail by 
Mr. Young, who considers both the general les- - sical tesla aa 
sons to be learned, such as the stress laid by the Biss “ar mei Tish ten We Cn 
aircraft engineer on the importance of attention previously experimental engineer for International M 
to even the minutest detail; and the specific Co., having joined that organi 
lessons, such as the importance of good volu- World War I, where he ser . . 
metric efficiency and how it is obtained by at- “ena ghee oe a eg _ * 
tention to valve port size, valve lift, and mani- nae wae SAI 
folds. 
ESSITY is the mother of invention, and the neces It is interesting to note that some ot the most outstand 
for light weight, high power, good economy, and ing, successful engines used in aircraft today are not new 
without the limitation of cost has brought about designs; on the other hand, they are basically quite old 
“inventions” in the aircraft engine. To these but with constant refinements and attention to detail they 
has been added the additional] problem ol nave developed over the years to a point where the resi lt 
he engines in large quantities. are astounding. 
und vehicle engine can take many of these, both 
ng- and manutacturing-wise, ind put them to ae Attention to Detail 
rally thought that to follow aircraft practice To one not well acquainted with the design and prod 
rily to increas cost, but careful consideration tion of aircraft engines, the extreme and meticulous atten 
that the high cost of the aircraft engines is tion to detail is a revelation \s a rather simple example 
. lue to the extreme value of weight saving: and of this phase might be cited the development of a stud 
tention to detail design and an of enttinntile Ordinarily, the stud is a cylindrical piece of materia! 
ing too highls a in consideration of threaded on both ends to hold two sections together. ‘Thy 
. duction should result in reducing this cost con avoidance of stress concentration resulted in the so-callec 
thus bringing some of the aircraft practices into necking or reduction of section in certain areas; careful 
, of the commerciel ground vehicl working out of radii; the finish obtained by the machining 
’ . processes; study ol the correlation between screwing up 
nted at the SAE National War Mat ; 
44] torque and desirable load-bearing capacity; and whether 
65 





or not the stud is subjected to bend as well as tensile loads; 
so that as a comparison we would have a stud which 
originally was of a uniform section, of mediocre finish, 
with sharp-cornered threads, modified to where it is of a 
tapered shape, finely finished, with smooth, round-bottom 
threads, large radii, and capable of carrying a much higher 
load than the original piece. 

Numerous instances might be cited where apparently 
insignificant changes have resulted in the difference be- 
tween success and failure. Careful analysis, when failure 
occurs, is made to arrive at the true cause rather than just 
a “fix.” The aircraft engineer is so conscious of weight 
that he cannot follow the lines of least resistance and just 
add: stock, but makes a complete check — material, heat- 
treatment, freedom from flaws, stress correctly determined, 
and so on down the line —and in a great many instances 
comes out with not only a stronger piece but with one 
which often weighs less than the original part which failed. 


m Ratings of Aircraft Engines 


The horsepower of aircraft engines which we read and 
hear about are more or less confusing and misleading un 
less one is fairly familiar or connected with the industry, 
and it seems very desirable to outline some of these require 
ments. These might be briefly stated as follows: 

War Emergency Rating —- Maximum horsepower that the 
engine will develop for a specified period of time without 
failure or loss of output. 


Military Rating — Maximum output for a short period of 
time at specified intervals without affecting reliability. This 
is generally an altitude rating which permits lower car 
buretor air temperatures than at ground level. 


Take-Off Rating - Maximum output for relatively short 
periods at specified intervals without adversely affecting 
reliability. 


Normal Horsepower —- Maximum output for relatively 
long periods without failure or affecting reliability, but 
not necessarily at best fuel consumption. 


Cruise - Maximum output permissible with good fuel 
consumption and reliability. 


{ltitude Rating — Maximum altitude at which full power 
is developed. 

In examining the above ratings there does not seem to 
be any, other than possibly the cruise rating, that we could 
apply to the ground vehicle engine, since once the engine 
is in the hands of the operator, control of it is more or less 
lost and even stretching one’s imagination to the limit one 
cannot conceive of a heavy-duty-vehicle operator running 
the engine on a time-and-output basis; but we can say that 
the cruise is comparable since we do want good fuel con 
sumption and reliability, and at the same time the maxi 
mum output obtainable under these conditions. 

We should not wholly disregard the other ratings since 
there is no question but that meeting these requirements 
results in a final design that gives greatly increased re 
liability at outputs lower than the short-time maximum out 
puts. 


See SAE Transactions, Vol. 52, January, 1944, pp. 1-12: “Th 
Etfect of Wartime Fuel Developments upon Post-War Automobiles 
by A. T. Colwell. 


@ Available Fuels 


The consensus of opinion regarding fuels that are goip 
to be available for post-war consumption seems to be thy: 
while being rated somewhat higher, as far as octane » 
quirements are concerned, over pre-war fuels, there y 
not be any startling differences. 

Opinions expressed by executives in the oil and auton 
bile industries indicate that the premium fuel will ranp 
from 85 to 87, the regular, from 75 to 77, and the thir 
grade, 70.1 

There is no question but that the taxes will be heavie 
further emphasizing the problem in connection with ¢ 
taining economy as far as fuel consumption is concerne 

























































































w Volumetric Efficiency 











The performance of an engine with reference to 
horsepower output is basically dependent on the number o! 
pounds of fuel/air mixture fed into the cylinder per un: 
of time, and in a naturally aspirated engine the cylinde 
charge is dependent on volumetric efficiency. It is w 
known that aircraft engines have very high volumetr 
efficiency at their operating speeds independent of supe 
charging, and the reasons for this high volumetric efficienc 
should be examined to determine, if possible, if lesson 
learned can be translated to a practical usage in the groun 
vehicle engine. 

















The compression pressure and temperature are deter 
mined by the restrictions of the induction system, the he 
transfer during induction and compression, and the co: 
pression ratio. Restrictions naturally have a very obvi 
effect on volumetric efficiency. The heat transfer to | 
charge during induction and compression will vary w 
the temperature of the induction system and the cylin 
proper. 











If we first study the porting, which will be consider 
as the complete passage from the portion of the cylind 
where the manifold is attached through to the combust 
chamber, we find in general that the passage itself is rc 
tively short — no attempt being made to include the cylind 
head as a part of the manifold, and made possible in mar 
instances by the fact that the inlet and exhaust ports ar 
on opposite sides of the cylinder head, although many 
the smaller types of engines have the two ports sid 
side, probably dictated by disposition of the intake ai 
exhaust manifolds. 

By keeping the inlet port to a minimum length the } 
transferred during induction is minimized. The port shaj 
is carefully studied with a view towards obtaining 















highest flow coefficient, avoiding sharp corners, re-entra! 
curves, abrupt changes in section, and so on; and the por 
dimensions are chosen of ample size to avoid restrictio! 
with consequent loss in volumetric efficiency. Details, suc 
as the shape of the port at the valve orifice, a1 
carefully considered. 













Realization of the importance of keeping combust! 
chamber temperatures to a minimum has led to a gr 
deal of study of the exhaust porting with regard t 
ability to dissipate heat. Since a high percentage of U 
heat flow occurs during the exhaust stroke, any cooling 
this section will not be reflected in a loss in therm 
efficiency but, on the other hand, will result in a 
gain due to lowered valve-head temperatures, whi 
a direct effect not only on combustion but also on du! 
bility of the parts. 
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direct factor affecting volumetric efficiency 1s 
pening between the valve and its seat in the 
ad which is controlled by the lift and uming ot 
pohvcrerse high cylinder charges by means of 
ng permits considerable flexibility in the choice 
ents, and the naturally aspirated engine cannot 
liberties but, nevertheless, these are well worthy 


commercial vehicle field much emphasis has been 
ow-speed torque, but this feature has been greatly 
vhasized. For a demonstration, with a certain type 
perator, sales promotion departments, and so on, it is 
wonderful to be able to demonstrate that the engine can 
be pulled down to a low speed and have it hang on and 
ut under these conditions the vehicle is not going 
here and the good operator prefers to take advantage 
multiplying devices and utilize the horsepower 
that is available if the engine is given a chance to operate 
at speeds where real power is developed. The major 
requirement at the lower operating speeds is flexibility, by 
which term is meant the ability of the engine to respond 
promptly and efficiently to sudden changes of the throttle 
location. 


ol torque 


It should be kept in mind that we are discussing the 
heavy-duty vehicle engine which is not necessarily designed 
and built to suit the whims of a fanciful public — but 
created to give the commercial operator the ability to trans- 
port the greatest payload over the most miles at the least 
cost 

However, it must be admitted that the ground vehicle 
engines do require fairly good idle characteristics, so we 
are not unlimited in the amount of overlap which occurs 
t top center when the exhaust valve is closing and the 
nlet is opening, but these events should be spread as far 
as possible without too seriously affecting the idle oper- 
ation. The closing of the inlet valve naturally controls, to 

me extent, the pressure at the time of its closing and 
exerts considerable effect on the relation of power and 
speed, but if it is considered that the upper half of the 
power curve is of paramount importance, then later clos- 
ings can be utilized. Naturally, the greater the spread that 
can be obtained between opening and closing events, 
the pre iter the flexibility in cam design — permitting the 
higher lifts or lower accelerations, and so on. 


( 


® Manifolds 
(o transfer the mixture from the carburetor to the 
ve have to put up with that necessary evil known 
manifold, and herein probably lies the greatest 
developing high volumetric efficiency. Fuels 
aircraft engines, in general, have much higher 
iges of low-boiling fractions, which simply means 
not necessary to apply excessive heat or keep gas 
es so high that efficiency is impaired, as is the case 
t ot our ground vehicle engines. In addition to the 
uirements, the manifold is generally hedged in by 
imitations. However, considerable study has been 


SAE Transactions, Vol. 49, November, 1941, pp. 488-59 
n Aircraft-Engine Development,” by R. M. Haze 
\E Transactions, Vol. 51, September, 1943, PI $-3 
stems tor Aircraft Engines,” by C. T. Doman 
AE Transactions, Vol. 26, 1931, pp. 531-541: “Increasing 
power from Radial Aircooled Engines,” by P. B. Tay! 
> \E Transactions, Vol. 43, December, 1938. pp. 515-5 
Cooling and Drag of Radial Engine Installations.” 
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given to this feature and studies of aircraft-engine manitold 
practice is very well worth while. R. M. Hazen in his 
paper on the Allison engine development” reveals some 
very interesting details in an attempt to improve both air 
and raw fuel distribution. The smaller engine designers 
have made progress in this field since many of these engines 
are designed to operate on fuels more typical of the types 
used in ground vehicle engines.* 


Attempts to develop high volumetric efficiency through 
the manifold and still handle fuels with high boiling 
fractions and obtain reasonably good distribution suggest 
a great deal of consideration of the direct fuel injection 
system. Certainly, the distribution of air is a simple 
problem compared with the distribution of air and raw 
fuel, and it is extremely doubtful if any type of manifold 
can be made that will adequately distribute the raw fuel 
over a wide range of loads and speeds without the gen 
erous use of heat—which is poison to volumetric. Fuel 
injection should also permit more latitude in valve timing, 
which indirectly would have an effect on charging the 
cylinder. 


m Suggested Performance Characteristics 


It is conceded that the way not to obtain economy is to 
build a big engine and run it at low load factors so, con 
versely, if ehe engine is small and has the ability to 
develop good outputs it will still give performance as 
measured in ability to transport loads and should also do 
this with good economy. We are definitely limited 
compression ratios since it is agreed that the knock rating 
of available fuels will be limited, but if the charge can be 
increased at the higher speed ranges then power will be 
available without going to big displacements. Let us 
assume that we build an engine with the factors that affect 
bmep worked out so that instead of developing 115 to 120 
bmep at 1000 rpm and dropping to 95 psi or less at 3000 
rpm or slightly above, it is raised to 125-130 at 3000 rpm, 
with perhaps some sacrifice below 1500. ‘This will result 
in net gains of up to 30% at 3000 rpm with the gain 
starting around 2000 rpm. 
PLAN 
33,000 
want to keep hp constant, LA can be reduced, with 
consequent reduction in friction which always steals fuel 
and never gives it back. 


Since our old friend hp a 


is still just as correct as ever, if P is raised and we 


In addition to obtaining more power by increased bmep 
at the higher speed ranges, it is paramount that specifi 
fuel consumption be improved to obtain economy. 


m Performance Characteristics 


It is well known that the specific fuel consumption has 
a marked effect on combustion-chamber temperatures and 
its detonation tendencies, and since low specific fuel con 
sumption is of prime importance at cruise power require 
ments, a study of the 


accomplishments of the aircraft 


engine should be valuable. 

The aircraft-engine designers have long past recognized 
the importance of the cooling problem as being the limita 
tion to engine performance,** and in their development 
work enormous effort has gone into the study of this 
particular problem. 








\ssuming we have improved the bmep at the upper 


then we are confronted with the task of 
extracting additional heat in sufficient quantities to enabk 


the charge to burn properly and the operating parts to give 


a reasonable life. 


speed range, 


As mentioned, the detonating qualities 
of a cylinder are greatly affected by 


its cooling characteris 
tics and, without e: 


xception, aircraft engines are built with 
which not only reduce weight but have 


a tremendous influence due to their high heat conductivity 


light illoy he ids 


lo anyone making a study of temperature variations and 
\ 


vradients throughout sections of an iron cylinder head, the 


results are rather startling, to say the least, and certainly 


high outputs are going to be considered at the higher 


speed must be 


ls this question given extremely careful 
thought. The critical areas in the combustion chamber 


: @o 
iflecting combustion are generally those around the spark 
plug, the portion between the exhaust port and spark plug, 
ind between the valves. 


11 


With the use of the light h o| allovs th 


l« ndency to localize hot 


-conductivity 
t spots 1s greatly reduced 


, and many 
lessons can be learned irom the studies al the 


aircralt 
engine cylinder heads du 


to the great strides they have 
made in the development of efficient disposition of metal 
hnning in the case ot the aircooled, and coolant passage 


ind flow with the liquid cool d types. With sood cooling, 
aner mixtures can be utilized and excellent 


going to th 


economy 


obtained Ww ithout 


extreme nh goOmpression 
'T1OS which, as mentioned, are definitely imited by fuel 
iracteristics. 
\s opposed to the vood charact tics of the netal are 


the difficulties with corrosion, lack of rigidity 


or difficulty in sealing with tl 


Wittl t 


a i 
. which makes 
normal split-head con 


inserts tor inlet 


} 


struction, necessity for and exhaust-valve 


seatings, and spark-plug bushings; but if these 


facts are 


recognized and advantage taken of the advancement by 


the aircraft industry it would appear as though the advan 


tages would offset the disadvantages. 


The effect and results to be gained by really doing a 


worth-while job in cooling the exhaust valve must be given 
consideration. Certain ground vehicles have followed the 
aircraft trend toward the use of the internally cooled valve, 
with results that entirely yustily 1ts adoption; however, 1n 


these particular instances it has been from a durability 


viewpoint rather than their effect on combustion. Experi 


; ' 
mental data obtained under 


high-output conditions indicate 
definite improvements in performance can_ be 


made by 
etter cooling, and some unpublished data taken on engines 


‘ } 1 
of relatively low output showed that, at the high end 


" oO} 
the speed range, combustion was definitely better con 
troll | by a reduction 1n valve temperature, these data 


, 7 
ndicated not so much difference in performance as mea 
: ‘ ‘ , ‘ 
Sl red by power output and economy, but much less KNOCK 
sensitivity. In the case of the cooler 


could be carried well beyond that required 


operating valve, th 


spark advance 


for b : afl ith the hotter val) liminate 
| best power, while with the hotter Vaive, to elimina 


knock, the spark had to be retarded below that required 


lor maximum power. Much can be accomplished in cool 


ing the valve by study of aircraft practice, and if higher 
outputs are going to be obtained at higher speeds, then 
becomes ot vital importance to apply these lessons 


Che spark plug is a subject outside of the scope of this 
paper, but it might be mentioned that it is of extreme 


importance, and not only the choice of proper heat rdnge 
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but the care which must be taken to provide pro, 


0 
of it through its boss to the coolant. 
m Opinions Expressed by Engineers 

There seems to be quite a difference of opinion 
to the contribution of the aircraft engine to th 

chicle engine among the engineers contacted, but 
Various thoughts expressed are of extreme int 
should shed some light on this interesting subject 

No attempt 1S made to quote the se remarks, but 
representatuve ot the expressed opinions. 

Due to the extreme effort made to produce hig 
with minimum weight, there is probably more engine 
calculation that goes into the parts of an aircraft 
than is usually the case in the ground vehicle engine. 

great deal of experimental background is reduc 
quantitative values for design purposes. Since permiss 


stresses are held closer to the limit of material and 


tron methods, it is necessary not only to determine 


nuit to be certain that each part 1s as near a dupl 
the desired as possible. 


| 1 1 1 ' 
he attitude of the industry towards tailures 


ental designs 1s worthy of considerable thought. Du 


entioned, to the fact that design has to be 


vaterial limits, a higher percentage of failures 
1 } } 
xperimental development is to be expected and tl 
iat ¢ 
try recognizes this and Is WIllINng to stand the | 
— } . nunalved _ = ea = . ] 
\ ich are 1nvOoived In experimental Taiure in orate 


ohter, more ethcient designs; and it is suygyvest 
erhaps this sort of 


thinking will be introduc 


enerally in ground vehicle engine development 
Considerable thought and development work 
nto the various methods of det rmining stresses, and 
vaterial is 


available in workable form to th 


chicle engine industry. 


\s an example of this type of experimental cl 


CHNech 
crank which had failed in the web was stresscoated 


loaded in various ways until the stresscoat reproduc 
stresses that caused failure. By further study wit! 
that were suggested by the stresscoat analysis, a red 
tion of metal was possible which not only result 
design that gave longer life but also permitted a red 
in weight. 


More general use of strain gages and other meth 
inalyzing stresses 1S nroposed as a possibility ol 


eficient use of metals. 


For years the deadly effects resulting from str 
entration due to sharp corners and abrupt cha: 


ctions have been known and recognized; but 


anding this knowledge, drawings still come 


wWa;»©re and shops sull make parts without due 


se items. The thought was expressed by on 
we do not need to eliminate such effects by 
umount of stress study or expensive machining 
but due to aircraft-engine experience the avoida 
taults of these types becomes almost instinctive. 
Passenger-car engineers engaged at present in 


duction of aircraft engines express the opinion 
: . } 
most important lessons are how not to do many tl 
° 1 
the design and manufacturing of ground vehicle 


Tolerances, in many broader and 


clearances greater. Stiffness in the ground vehicle « 


instances, are 


required to obtain smooth and quiet operation, 
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-ble with the structural flexibility® tolerated in the 


ngine. Applications of lighter metals common to 


engines do not appear to have too extensive an 
on to the automotive industry due to the higher 


sts \ 


olved. Processing of materials have much in 


, except possibly surface finishes — certain of which 


> 


r required nor practical. 
igineer who has had considerable experience in 
ind vehicle engine and _ aircraft-engine testing, 
that the industry give considerable thought to type 
| its variations based on the thought that over a 
years a series of test runs has been developed for 
ngines which are quite reflective of the service 
nce. While certain endurance and power test 
es are used in ground vehicle engine development, 
ination of dynamometer testing has been worked 
h an experimental engine is required to pass before 


considered satisfactory for production release. 


loes not imply that type tests are satistactory sub 


tor fight testing, which is equally necessary even 


testing is necessary for ground vehicle engines, but 


( 


test constitutes a much more definite criterion of 


tory engine performance than any combination of 


neter tests with which this engineer is familiar. 
reactions to factors developed during the manufac 
aircraft engines are the necessity for complete 
irate detail drawings of all the various parts, com 
estigation of limit stacks, complete correlation 
engineering department and the shop by engineer 


son, and the necessity for intimate knowledge on 


of the engineering department of manufacturing 
s, including machine shop, foundry, and so on. 


Handling methods of parts in process to reduce the 
s due to mutilation and the protection against corro 
atter processing have been carried out to a high degree 

aircraft industry. 
iliness is very forcibly brought home from experi 
ith such items as loss in production engines due to 
ig circulated through the oiling system, resulting 
enalty runs due to scratched and scored bearings, 


ilve guides, piston rings, and so on. 


1 the ever increasing demands for greater output, thi 


ct of water injection has been reintroduced. Water 
is now utilized to obtain momentary increases in 
id in discussing this application with engineers 

ith its use, all are of the opinion that it aids in 
combustion-chamber deposits. It is possible ther: 
hed data on this phase but with which the write: 


1 


niliar — but the thought is suggested that perhaps 


h method can be utilized in the ground vehick 
iccomplish the same result which should reduce 
ck susceptibility and make possible continued oper 


tr 


maximum compression ratios and volumetri 


lt that little should be said regarding supe: 
this subject has been thoroughly covered, but 
ibttul if much can be accomplished with it unless 
comes the dominating factor rather than fuel 


+ Tt c 1 
on. However, if supercharging is to be con 


lr ctior Vol. 52, March, 1944, pp. 100-11 P 
isti } n Internal-Combustion Engi 











sidered, the lessons that can be learned trom the aurcratt 


industry from their studies of types, improving efhiciencies, 
methods of driving, cooling, and so on, are colossal 


The field of choice of cylinder arrangement is too broad 
to attempt even to touch upon, other than to mention the 
act that aircraft engines present almost any conceivable 
arrangement that can be thought of and there certainly 
should be a wealth of information available should any 
ground vehicle engineer be interested in a more caretul 
study of this phase of the subject. 


Chere are indications that some ot the present aircraft 
engine builders are casting their eyes at the ground field,‘ 
and with their background it will be extremely interesting 
to study their contribution to the held of ground vehicle 


engines. 


m Summary of Lessons 


1 


1. The aircraft-engine engineer highly stresses th 


portance of attention to even the minutest detail 


2. The only applicable rating of aircraft engines 
cround vehicle engines is that which ts known as_ the 
“cruise rating,’ which specifies the permissible power out 
put with good economy and reliability 

3. The importance of good volumetric efhciency and how 

"ae 


it 1s obtained hy attention to ilve port size, Valve litt ind 


manifolds. 


® Utilization of the aircratt-engine type of Dmep curve 


; 


will result 


n better fuel economy ind performance 
properly used through the medium of torque-multiplyins 
levices. 

5. The aircraft engine should teach the ground vehick 
engineer how to develop higher outputs at the higher speed 
ranges by study of their methods of cooling and the use of 


high heat conductivity metals 


6. Direct the thinking ot the engineering personne] 


toward the view that a reasonably high percentage of 


- | 
failures during experimental development is to be expected 
to obtain more efficient designs 


More application ol methods for measuring stress 


8. Not to follow aircraft-engine practice too closely, s« 
that the result would be considerable structural flexibility 
which might be detrimental In certain ground vehick 


engines. 
g. Development of a ground vehicle engine type test 


1O Ch 


ind shop, and the necessity for intimate knowledge ot the 


sel correlation between engineering departnent 


| 
engineering cle partment wv ith manufactur ng techniques 


11. Handling of parts, prevention of corrosion, and 
eanliness required, are of extreme importance in building 

: ae 
aircraft engines, and methods developed should be apph 


cable to the ground vehicle engine 


w Acknowledgments 


The writer is indebted to and wishes to acknowledge 
with thanks the helpful suggestions and remarks trom 
S. D. Heron; A. G. Herreshoff; C. F. Bachle; L. W 
Garrett; G. Waine Thomas; S. W. Sparrow; C. A. Chayne 
D. R. Hoover; J. B. Macauley, Jr ( I’. Doman: and 
E. H. Kelley. 











OTATING disc wheels are subject to radial, 
tangential, and axial stresses, the last of which 
can usually be neglected. 


The formulas for calculating the radial and 
tangential stresses developed by Dr. Stodola 
give reliable results, but carrying out the re- 
quired calculations is a long and tedious process. 


For this reason, Mr. Knight has attempted to 
put the Stodola formula in such a shape that it 
will allow its ready use and that will yield the 
desired design data in a few minutes instead of 
the 45 hr previously required. 


THE AUTHOR: WILLIAM KNIGHT (M ‘'25), who 
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War in which he served technical officer in the Air 
continental director of organization, Technoc- 
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During this time, he was executive vice-president of Jun 
kers Corp. of America and a consultant to Junkers organi 
zation in Europe. His last previous position w 


is Inspection 
methods engineer, Curtiss Propeller 
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OTATING disc wheels, of which turbine wheels are a 
typical application, are subject to the triple action of 
radial, tangential, and axial stresses. Of the three, the 
radial and the tangential are the most important; while the 
third can be neglected, if no sudden change in thickness 
occurs at the hub. 

An accurate analysis of the stresses in a turbine wheel 
due to the centrifugal forces of the wheel itself and to the 
centrifugal force of the blades fitted to its periphery is a 
rather complicated analytical problem. Formulas for ob 
taining stresses under these conditions have been worked 
out for some particular shape of disc. How the difference 
between the actual shape of the wheel and the shape of 
disc assumed in the calculations will affect the actual 
stresses is left to the designer to estimate and to allow for 
in his design. This is because a strictly accurate analysis 
of the stresses in a rotating disc of varying thickness, with 
a hub at the bore and a rim of irregular section at the 


periphery and carrying blades attached to the rim, is very 
difficult to perform. 


Dr. Aurel formulas for the calculation of 
stresses in turbine wheels have long been the most gener- 
ally accepted by designers as being the ones that give the 
most reliable results. However, these formulas have been 
expressed in a form that requires a long and involved 
mathematical manipulation before they can yield the de 
sired design data. Approximately 45 hr are required to go 


Stodola’s 


{This paper was presented at the SAE National Aeronautic Meeting, 
New York City, April 6, 1944.] 


* Paper written while author was with Propeller 


Division, Curtiss 
Wright Corp 








STRESSE 


through the mathematical calculations and the checking 
the same; a long and tedious process. 

Dr. Stodola in his mathematical analysis of dise wh 
assumed that the outline of the disc is a hyperbola ; 
that the effect of the blades is equivalent to having thei 
centrifugal forces uniformly distributed at the periphery 
the disc. By making such an assumption it was possible 
for Dr. Stodola to derive a formula for determining the 
radial and the tangential stresses produced by the centrif 
gal force of the disc itself and the centrifugal forces of th 
blades at any point between the bore and the peripher 
And, even such a formula, which is not easily applied 
gives only an approximate solution of the problem, becaus 
it does not take in consideration the variation of the actu 
shape of the disc from the hyperbolic shape assume 
especially at the periphery and at the hub, where the 
outline of the disc departs the most from the hyperbola 
And the calculations must be repeated several times befor 
the right proportions that will secure the most eff 
design of a disc wheel can be determined. 


In order to offset this drawback a number of short cuts 
graphical methods, and approximate equations have beet 
suggested by various technical writers, all of which have 
their merits but none of which gives exactly and quick) 
the same results that would be obtained by applying the 
Stodola formulas. For this reason, an attempt was made 
by the present writer to rewrite the Stodola formula an 
to put it in such a shape that will allow its ready use an 
will yield the desired design data in a few minutes insteac 


of 45 hr. 


When working out a simplified Stodola’s formula tor 
disc wheels we were particularly concerned with the poss 
bility of achieving the construction of a simple graph using 
rectangular coordinates in preference to alignment charts 
which fail to show at a glance what happens when the 
dimensions of the wheel are changed. The procedure 
lowed in developing the formula and the numerical value 
obtained, which made possible the construction of Figs 
and 2, are given in this paper and are prefaced }j 
restatement of Stodola’s formulas in their original form 

At any point of a rotating disc, there are a radial stres 
and a tangential stress, both produced by the centrifuga 
forces of the disc and by the centrifugal force of the blade: 
The tangential stress at any point, due to the centrifugs 
force of the disc, added to the tangential force at the same 
point due to the centrifugal force of the blades, wil! g'v¢ 
the total tangential stress at that point. In the same wa) 
the total radial stress at any point is obtained by adding 
the radial stresses produced at that point by borh tt 
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gal torce of the disc and the centrifugal force ot centrifugal force of the blades reach a maximum either at 


the bore or at the periphery, depending on the shape and 
[he radial stress produced by the centrifugal force of the the proportions of the disc. 


For instance, the larger the 
s zero at the periphery and at the bore, and reaches 


ratio of the bore diameter to the diameter at the periphery, 
1aximum value in the middle portion of the disc. In the more pronounced is the tendency of the stress at the 


same way, the radial stress produced by the centrifugal bore to become larger than the tangential stress at the 
force of the blades only, assumed as being uniformly periphery. 
listributed at the periphery of the disc, varies from zero 
t the bore to a maximum at the periphery. 

Both the tangential stress produced by the centrifugal 
force of the disc and the tangential stress produced by the 


A disc of hyperbolic profile is such that the thickness y 
at any point distant x from the center is equal to: 


( 


DISC OF HYPERBOLIC SECTION (+2) 
W/TH A CENTRAL HOLE oe 
yz = TWICKNESS OF DISC ATANY RADIUS X 2 CONSTANT KX 


U-CENTRIFUGAL FORCE OF PROJECTING MASSES PER W= TANGENTIAL STRESS OF ATHIN RING 
S$@./NCH OF SURFACE AT THE PERIPHERY OF DIST ROTATING AT THE SAME PERIPHERAL SPEED ASTHE DISC 


= 





DUE TO CENTRIFUGAL FORCE OF PROJECTING MASS DUE TO CENTRIFUGAL FORCE OF DISC 
j 
Ve TANGENTIAL STRESS, W, (vues oF mw rnen PULL Une curves) I< TANGENTIAL STRESS Van, (varves orn ron FULL LINE CuRves} 


o- RADIAL STRES Szn) (vacues oF mi Fon DOTTED Line curves) n= RAD/IAL STRESS = Tn (vmues oF Fron DoTTED Lins curves) 
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Os = CENTRIFUGAL FORCE OF PROJECTING MASSES 
PERINCH OF SURFACE AT PERIPHERY OF DISC 


DISC OF HYPERBOLIC. SECTION 


THICKNESS AT ANY RAD/US 2c" 


-e% 
= CONSTANT .X 


We TANGENTIAL STRESS OF AJHIN RING ROTATING 


AT THE SAME PERIPHERAL SPEED AS THE Disc 
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where x can be positive, negative. or zero. 
Pan 


for any value ot 


It a 0, 
x, which is the case of a disc of 
uniform thickness. If x is positive, the thickness of the disc 
is larger at the bore than at the periphery, which is the case 
with all turbine Values of 
cover a wide range of wheel shapes commonly used in 
turbine design. If x is negative, the thickness of the disc 
increases from the bore to the periphery, which is a rather 
unusual design. 


\ ¢ 


wheels. x between o and 2 


If the section of a turbine wheel is tentatively laid out 


and it is desired to find the values of ¢ and & that will give 
values of y for various values of x, which will more closely 
approach the thickness of the wheel at different points as 
laid out, we shall put: 


La a Log f 
cr 
Log Loz Il 
in Which y; and ys are the thickness of the wheel at two 


points distant x; and x» 


from the center. Having found 
the 


value of a, and « TP ate Yots® 


substituting the 
values of ¢ and x in y, all the points of a hyperbola that 
will comncide with the outline of the wheel, at least at x, 
Then the outline of the wheel can be 
slightly modified so as to make it follow the hyperbolic 
profile as far as possible, or a hyperbola that will fit more 


closely to the outline of the wheel as laid out mav be found. 


and xs, can be found. 
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as the disc) and + 





is well to note that the chosen 


It value for x m 
such as to give a hyperbola that will follow, as clo 
possible, the profile of the outer portion of the d 
variation of the hyperbola from the outline of the 
laid out, in points near the bore, will have only a 
influence on the calculated stresses; but any variat 
points near the periphery will have a decided influ 
the same. Consequently, the addition of metal at 

will not increase the stress at the bore ( which is the 
where, in general, the tangential stress is a maximun 
will add strength to the wheel at its weakest 


t 
an addition 


o! 


increase the tangential stress at the bore of the wheel 
Having found the value of 2 giving a hyperbol 
will more closely approach the outline of the whe 


values of 3, and 3, (radial and tangential stresses 


the centrifugal force of the rotating disc only) and 2 


torce 3; of the projecting masses at the periphery 


disc) can be obtained from Tables 1 to 5 and Figs 


2 where such stresses are given in function of 3 (tang 


stress of a thin ring rotating at the same periphera 
; for values of m 
Ing values of z 6, OF, 20 


and mg, for corr 


, 1.5, and 2.0, where 


Diameter at any point 


Outside diameter of dise 
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point, wl 
metal at the periphery will conside 


zs,’ (radial and tangential stresses due to the cent 
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Table 1 — Steel Disc of Hyperbolic Section 
Shape constant a = 2 
Values of n;, n-, n;', n,' 











L.O65m-23(rm93-84® — 1) + 4.53 (mo3-818— my3-23 0.615m3-23 + 2.615 mo 3-34 

p m*-+ —_ ro . 6 y egee~gr meee ' = aa ] ons Co, = 03 — . = oylt,' 
> E, m'-615(97)53-23 — ] | m}-618(] — m,3-33 

Sia m m 

ay eee —- -—~ = ut - ~ 

4 ao 92 24 04 02 OF 92 «29 12 0.1 O.2 O38 C4 O8 0.6 O77 O.8 0.98 1.0 

 ., 0.08 0.097 0.118 0.135 0.145 0.149 0.131 0.122 0.082 0.1 0.077 0.066 0.099 0.147 0.206 0.272 0.349 0.429 0.522 0.618 

a 5 0.262 0.192 0.180 0.181 0.180 0.177 0.157 0.148 0.105 0.2 0.240 0.188 0.204 0.246 0.303 0.373 0.451 0.539 0.633 

me 53 0.414 0.321 0.278 0.256 0.239 0.213 0.191 0.152 0.3 0.466 0.380 0.371 0.398 0.451 0.514 0.596 0.684 
7 fF 0.550 0.443 0.376 0.336 0.292 0.257 0.203 0.4 0.768 0.645 0.607 0.617 0.654 0.717 0.791 
| mos 0.668 0.550 0.465 0.401 0.353 0.291 0.5 1.172 1.012 0.940 0.925 0.952 1.00 

a |. 0.760 0.643 0.553 0.478 0.399 0.6 1.71 1.526 1.395 1.355 1.365 
, 07 0.850 0.735 0.646 0.545 0.7 2.716 2.425 2.170 2.09 
+) Te o's 0.903 0.785 0.675 0.8 4.344 3.91 3.65 

mm 19 0.95 0.84 0.9 9.25 8.42 














mw 


1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 








9 , , .0 0.1 0.2 0.3 4 0.5 0.6 0.7 0.8 0.9 1.0 
a 0.1 ( 0.069 0.118 0.153 0.174 0.178 0.164 0.124 0.069 0 0.1 0 0.067 0.139 0.225 0.325 0.437 0.561 0.696 0.842 1 

m 02 0 0.084 0.130 0.160 0.166 0.156 0.120 0.069 0 0.2 0 0.105 0.204 0.312 0.427 0.555 0.692 0.837 1 

i 0.3 0 0.083 0.127 0.149 0.144 0.110 0.069 0 0.3 0 0.141 0.270 0.398 0.538 0.680 0.835 1 

ix 0.4 0 0.074 0.113 0.128 0.100 0.065 0 0.4 0 0.178 0.338 0.498 0.657 0.826 1 
0.5 0 0.059 0.088 0.080 0.052 0 0.5 0 0.217 0.417 0.608 0.803 1 

0.8 0 0.038 0.051 0.031 0 0.6 0 0.270 0.519 0.757 1 

4 0.7 0 0.017 0.013 0 0.7 0 0.357 0.688 1 

5 0.8 0 0.004 0 0.8 0 0.510 1 
0.9 0 0 0.9 0 1 

1.0 0 1.0 1 





+} 


+t 


Table 2 — Steel Disc of Hyperbolic Section 
Shape constant a = 1.5 
Values of n,, n,, n,', n, 


“< 









).1 0.2 0. 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
0.174 0.125 0.140 0.158 0.172 0.178 0.173 0.158 0.133 0.101 0.1 0.192 0.148 0.186 0.243 0.310 0.373 0.446 0.518 0.596 0.673 
0.351 0.255 0.229 0.224 0.216 0.204 0.182 0.157 0.121 0.2 0.440 0.332 0.341 0.374 0.423 0.485 0.552 0.626 0.698 
0.3 0.490 0.356 0.312 0.284 0.259 0.228 0.196 0.167 0.3 0.713 0.571 0.542 0.556 0.587 0.633 0.698 0.764 
0.4 0.610 0.480 0.417 0.363 0.311 0.269 0.223 0.4 1.006 0.873 0.750 0.710 0.751 0.855 0.898 
0.5 0.708 0.584 0.498 0.421 0.367 0.308 0.5 1.469 1.251 1.152. 1.100 1.110 1.131 
0.6 0.792 0.664 0.558 0.489 0.419 0.6 1.930 1.775 1.613 1.565 1.535 
0.7 0.86 0.72 0.634 0.545 0.7 2.93 2.556 2.4 2.28 
u.8 0.905 0.775 0.673 0.8 4.6 4.1 3.85 
v.9 0.95 0.830 0.9 9.67 8.71 
1.0 1.0 1.0 





] = Til, 










/| 62 62 04 84 64 47 62 @23 18 0.1 O2 O3 04 O8 06 O07 O8 O08 1.0 

0.101 0.154 0.189 0.194 0.198 0.178 0.140 0.087 0 0.1 0 0.131 0.234 0.335 0.44 0.557 0.656 0.767 0.881 1 

2 0 0.104 0.161 0.180 0.187 0.173 0.133 0.079 0 0.2 0 0.170 0.298 0.417 0.532 0.646 0.764 0.883 1 
.3 0 0.095 0.142 0.156 0.149 0.118 0.067 0 0.3 0 0.197 0.353 0.49 0.619 0.747 0.87 1 
4 0- 0.057 0.113 0.123 0.101 0.06 0 0.4 0 0.228 0.407 0.565 0.717 0.86 1 
ves 0 0.061 0.088 0.082 0.053 0 0.5 0 0.257 0.47 0.663 0.829 1 
rip 0 0.051 0.06 0.04 0 0.6 0 0.31 0.57 0.787 1 
0. 0 0.035 0.031 0 0.7 0 0.403 0.713 1 
0.8 0 0.022 0 0.8 0 0.535 1 
¥.8 0 0 0.9 0 1 
' 0 1.0 1 












, Di ameter at bore value of m are exactly the same in a very large wheel and 
Outside diameter of dise 


in a very small wheel. This point may be useful to keep 








the foregoing it is possibie to conclude that, in in mind when carrying on experiments on small models of 
scs, Where the values of x and mo are the sare, large wheels. 


he same peripheral speed and the same value of 2; ; ; 


: Another point to keep in mind ts that the formulas and 
es in the ae Gale : > same 
the discs at points determined by the same the graphs given here apply solely to wheels having a 
hrift des Vereines deutscher Ingenieure, Vol. 41, July central hole. Griibler’ has shown that for discs of uniform 
860-854 De Spannungszustand in Schleifsteinen une 1 


hae, 99 8 M. Griibler ala thickness (2 oO) evena pinhole at the center ol the tise 











ebrucry, 1945 








— mi+- — 


=g¢ 0.404 [ 


m}-748 (72-49 — ]) 





m 














Mo — . $$ —__-__. 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
0.1 0.295 0.201 0.205 0.216 0.229 0.229 0.207 0.189 0.159 0.12 
0.2 0.463 0.349 0.305 0.286 0.271 0.244 0.220 0.187 0.155 
0.3 0.584 0.438 0.379 0.346 0.303 0.268 0.231 0.185 
0.4 0.680 0.536 0.463 0.399 0.350 0.304 0.25 
0.5 0.769 0.620 0.530 0.455 0.395 0.330 
0.6 0.819 0.690 0.586 0.512 0.445 
0.7 0.865 0.739 0.637 0.55 
0.8 0.909 0.788 0.69 
ay 0.950 0.835 





1.0 
















m2-49 (793-745 — 1) — mo3-745 Mo2-49 
=o 19.699 [ — m?+ — G0. PERRIS OR on a. 
| m}-745 (2-49 — 1) 
m 
Mo —_—— - —_ — ——~ + -- - - - 
0.1 % 0. 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
0.1 0 0.146 0.204 0.227 0.235 0.231 0.187 0.141 0.078 0 
0.2 0 0.126 0.183 0.209 0.214 0.176 0.133 0.076 0 
0.3 0 0.116 0.166 0.188 0.161 0.122 0.072 0 
0.4 0 0.097 0.145 0.134 0.109 0.068 0 
0.5 0 0.085 0.095 0.088 0.058 0 
0.6 0 0.051 0.061 0.046 0 
0.7 0 0.031 0.03 0 
0.8 0 0.016 0 
0.9 0 0 
1.0 0 

























be , m?-2(m 93-85 — ] mg*-** = mo*-? “) ) 
7+0.518 | — m?4 - | = 
m}-85(m,2-2— ] 
m 
il - a 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
0.1 0 0.212 0.264 0.278 0.267 0.252 0.202 0.145 0.079 0 
0.2 0 0.169 0.225 0.235 0.232 0.188 0.137 0.076 0 
0.3 0 0.135 0.183 0.202 0.174 0.132 0.075 0 
0.4 0 0.099 0.150 0.139 0.107 0.063 0 
0.5 0 0.088 0.101 0.088 0.053 0 
0.6 0 0.038 0.06 0.042 0 
0.7 0 0.034 0.031 0 
0.8 0 0.021 c 
0.9 0 0 
1.0 0 





Ccoubles the stresses at that point as compared to a solid 
disc. We must, therefore, be prepared to meet similar 
influences in solid discs of variable thickness which. we 


can assume, are considerably stronger than those having a 
hole at 


holes. 







th 





center, or solid discs with eccentrically bored 






Where solid wheels are used, the most economical sec 


tion is that of Dr. Carl G. P. de Laval. If ¢,’ be the radial 









{ [ 1.47m?-2( mg - 1) + 2.34 (mo?-85 — mo?-? 
a 42.99 — m?-t - - - — 
m}-85(mo2-2— J 
m 
m — - a - 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
0.1 0.5 0.323 0.304 0.299 0.29 0.284 0.255 0.226 0.191 0.145 
0.2 0.617 0.445 0.392 0.349 0.32 0.291 0.255 0.217 0.175 
0.3 0.706 0.55 0.465 0.418 0.364 0.317 0.27 0.22 
0.4 0.763 0.619 0.527 0.45 0.397 0.335 0.27 
0.5 0.818 0.662 0.575 0.493 0.425 0.355 
0.6 0.853 0.733 0.63 0.55 0.475 
0.7 0.905 0.765 0.659 0.57 
0.8 0.934 0.811 0.7 
0.9 0.968 0.84 
1.0 1.0 


Table 3 — Steel Disc of Hyperbolic Section 
Shape constant a 
Values of n;, n,, n,, n,! 


1.288m?-*9(mo3-745 — 1) + 3.02 (mo3-745 — mo?-49) 





Table 4 — Steel Disc of Hyperbolic Section 
Shape constant a = 0.5 
Values of n,;, n,, n;', n;! 


= Oly 
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=1 


: 0.745m!-4* +- 1.745 m?-** 
——_——_ -=on o. = 638 ooo = tt 
j ' . m}-745(1 — mo?-49) 
m 

Mo ——_—- — ——_————~-— _ 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 8 0.9 
0.t 0.456 0.322 0.353 0.408 0.470 0.539 0.600 0.654 0.703 
0.2 0.764 0.571 0.540 0.559 0.604 0.650 0.694 0.735 
0.3 1.058 0.835 0.759 0.749 0.760 0.782 0.807 
0.4 1.315 1.180 0.982 0.940 0.924 0.923 
0.5 1.750 1.600 1.400 1.304 1.252 
0.6 2.25 2.00 1.846 1.711 
0.7 3.186 2.846 2.576 
0.8 4.926 4.346 
0.9 9.76 
1.0 





Mo?-49 — m?-48 


= ON, o,§ = 03 —————_—_— = g3n, 
* m1-745(mo2-49 — 1) 
m 
Mm — —— i — ne — 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

0.1 0 0.249 0.383 0.490 0.589 0.692 0.763 0.845 0.926 
0.2 0 0.264 0.421 0.548 0.665 0.746 0.833 0.921 
0.3 0 0.270 0.453 0.605 0.706 0.812 0.912 
0.4 0 0.283 0.499 0.636 0.775 0.893 
0.5 0 0.325 0.525 0.711 0.87 
0.6 0 0.335 0.597 0.813 
0.7 0 0.410 0.735 
0.8 0 0.560 
0.9 0 
1.0 





0.85m?2-2+ 1.35m,?-? 
= oN: oy; = 03 — _ — oan 
] m!}-85(] M2? 
m 

Mo - - 7 4 —_ ape 

0.1 2 02 04 65 ©0868 467. 32. 28 
0.1 0.985 0.644 0.63 0.657 0.691 0.722 0.757 0.788 0.820 
0.2 1.257 0.933 0.844 0.820 0.819 0.838 0.853 0.878 
0.3 1.54 1.205 1.071 1.012 0.988 0.984 0.988 
0.4 1.735 1.5 1.335 1.248 1.195 1.172 
0.5 2.19 1.86 1.67 1.55 1.485 
0.6 2.58 2.41 2.17 2.025 
0.7 3.55 3.12 2.85 
0.8 5.19 4.63 
0.9 10.14 
1.0 


Mo7:2 — m? 
or) = 03 " = on, 
m}-85(952 ] 
m 

mm . . 

0.1 0.2 O3 04 O58 06 0.7 0.8 0.9 
0.1 0 0.45 6.601 0.698 0.767 0.844 0.878 0.92 0.962 
0.2 0 0.406 0.594 0.709 0.814 0.863 0.915 0.969 
0.3 6 0.375 0.58 0.735 0.813 0.89 0.948 
0.4 0 0.357 0.6 0.728 0.837 0.933 
0.5 0 0.385 0.605 0.77 0.903 
0.6 0 0.375 0.645 0.855 
0.7 0 0.44 0.76 
0.8 0 0.58 
0.9 0 
1.0 


stress permitted at the outer periphery of the dis 
radius, then y» the thickness of the disc at this point 
calculated. 


The thickness at any other radius ¢ of t! 


(=) L( )] 


both taken in inches and « 


disc is then given by 
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_—s 
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Rand 





where are 
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Table 5 — Steel Disc of Uniform Thickness 
Shape constant a = 0 
Values of n,;, n,, n,, n- 






































: 1.73m?(mot— 1) + 1.73 (mo*— mo? m? + mo? 
Os m? + ee ae | = one O¢ 3 = Olle 
* m2(mo?— ] l ” 
™m m 
a a al cist - -— ——— —-— - ~ mo - > 
i, 0.2 0.3 0.44 O8 0.6 0.7 O.8 0.9 1.0 ot. of 02 4 65 Asi 47 Oc O02 42 
re Me; 0.815 0.493 0.434 0.408 0.369 0.337 0.304 0.266 0.225 0.181 0.1 2.02 1.263 1.122 1.073 1.051 1.038 1.031 1.026 1.023 1.02 
\ fe 0.823 0.584 0.488 0.432 0.385 0.343 0.299 0.254 0.208 0.2 2.08 1.505 1.3 1.207 1.156 1.125 1.105 1.091 1.082 
4 ae 3 0.830 0.636 0.533 0.461 0.404 0.347 0.299 9.246 0.3 2.2 1.72 1.496 1.375 1.302 1.255 1.222 1.199 
w 04 0.841 0.675 0.568 0.49 0.434 0.362 0.303 0.4 2.38 1.955 1.72 1.58 1.489 1.426 1.381 
ba 7 0.858 0.706 0.602 0.517 0.444 0.375 0.5 2.68 2.27 2.02 1.86 1.75 1.67 
—~ ht 0.876 0.739 0.634 0.545 0.467 0.6 3.12 2.8 2.44 2.25 2.12 
~ > 0.897 0.766 0.66 0.57 0.7 3.92 3.46 3.14 2.92 
oe a8 0.927 0.803 0.697 0.8 5.56 4.98 4.56 ’ 
be me oo 0.959 0.837 0.9 10.56 9.54 
» Mae 1.0 1.00 1.0 pa 
m?(mo*— 1) — (met— mo? } mo? — m? 
al m?+ ae ee — = on, o,' = a3 ON" 
m?(mo* — 1 m2( mo? l 
n a ‘ . . . me 
.: 62. 28 be. Os 62 07 04: a2 12 0.1 O.2 O38 04 O58 0.6 O.7 O8 0.9 1.0 
Tt 0.294 0.33 0.322 0.294 0.254 0.204 0.145 0.0775 0 0.1 0 0.66 0.90 0.95 0.97 0.985 0.99 0.995 0.999 1 
0.2 0 0.206 0.257 0.257 0.232 0.192 0.138 0.0735 0 0.2 0 0.58 0.78 0.88 0.93 0.96 0.98 0.99 1 
0.3 0 0.151 0.198 0.196 0.17 0.126 0.0694 0 0.3 0 0.48 0.71 0.825 0.895 0.945 0.98 1 
04 0 0.117 0.144 0.141 0.11 0.0625 0 0.4 0 0.38 0.66 0.8 0.89 0.96 1 
05 © 0.079 0.103 0.091 0.0543 0 0.5 0 0.41 0.655 0.815 0.925 1 
0.6 0 0.0572 0.0662 0.0441 0 0.6 0 0.415 0.685 0.87 1 
0.7 © 0.0346 0.0305 0 0.7 0 0.46 0.775 1 
08 0 0.0175 Oo 0.8 0 0.585 1 
0.9 0 0 0.9 0 1 
1.0 0 1.0 1 
' 
= Stodola's General Formula 
Specific mass of material of dise 
Modulus of elasticity nt oe [ . Tay ] 
, &2 adie = O32 sw*O3U373 Or 
Angular velocity of rotation Ebsys3 Ts 
Poisson’s ratio 
M Log ti | 
900 0g my t+ ber 
02 y Constant & = ax? + bia, + baa 


ry re x 





Log 





















4 5 In order to find «- and ar, ! ind hb.» must be found first by 
‘ > . . rie 
ii solving equations (2). The entire process, according to the 
a General Electric Co.’s experience, takes 45 hi 
I have solved equations (2) for /; and b nd the ilues 
thus found are 
Radial stress at any radius z per unit of area dp , 
1 
1 langential stress at any radius x per unit of ares 
‘ : 7 
Radial pressure at bore due to press fit, psi 0 
p 
ntrifugal force of protecting masses, psi, at the 
the dise where 
X3°0 
isions of section, see Fig. 3. c ~* 
: - Fé; 
dial expansion at, 23 
. 
1) . ‘ Ss P " * / he 
" al expansion at 22 _— [2 ( 0.276 ) 
} . iy’ ) 
idlal expansion at 2 I 2.43 = ’ 
lial expansion at 2o } 
I y} Lal/2\¥ ee. 7 
° . + | 
lial stress at 2 radius g 72 = | 
033 l v J 





lial stress at x; radius 











5 Ty 
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Ls SENSE 


of ac 
\ 























_—>_ oH e . 
an Fig. 3 

Xo*o 

Dy 


Phe direct appheation of the chosen values of the boundary- 
condition constants /), and bs given above are a labor-saving 
device in so far as they avoid the calculations involved in ex- 
tracting these two constants from the linear equations (2). 
However, the calculations are yet too involved and the chances 
of errors are too many, hence the desirability of simplifying 


the use of Stodola’s formulas. 


m Simplified Stodola's Formula 
(ll symbols have the same meaning as in Stodola’s formula. 


We will take up the case of a = 2 used by de Laval in the 





design of small turbine wheels. Substituting this slue 


we obtain: 


’ 9 12 2 
Yi = 2.615 4 
Yo = 0.615 ‘% 
cad a 
172N?2 : 
a , where A Rpr é 
10 : = 
} 
. : 
o> + viax 3. sam?R where nl 
R 4 
z 
= — 71x 107° X o X m?. where o la 4 


stress of a thin ring rotating at the same angular velo 


dise at a radius R, in which case 


R\2/N\3 
on 2(+) aa) 


= 0.000008 R22 


vi + v)bx = 2.915b,(Rm)!-515 
2-1 be ; -0.315b. 
y + v)box = _ 0.315hex 615 — —— 
Rm 1.615 
I 30 X 108 
a == ———— = 33 « 105 
l py? 1 — 0.3? 


Substituting the above values in Stodola’s formula 


4 10 | 71 <x 10-9 o & m? 


or, we have 


a 33 2.915b,(R 
0.315he ] 
Rm)}-615 
= 2.370m ~- 46 > 10° an 2 Rn 
104 * 10°! 
Rn 
\t the bore of the disc where a QO and 
0) 2 37 aR!) -515p L OG 10%), (Rn 104 
and at the periphery, where o 0 and m 1, we havi 
0 2.370R'-6 + 96 & 105, R*-? 104 * 10 


Solving the above two equations for h and equatit 4 
values of b, 
2.370R!'-84my3-§ + 104 X& 10°) 


96 &K 10°( Rm 


2.370R!-*'5+ 104 K 105bo 


0% 106/23-23 


from which: b» - 
104 & 105(m,°-4 l 


and substituting (5) into (4) and simplifying: 
244 X 107!¢(rmo?-615 —1) 


R}-815( 993-23 — ] 


Substituting (5) and (6) in (3 





For a 
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: we shall first find 


104 & 10%, 
4] x 10 %am? 10°R 


m 
2 vi oR 
Th 1O*®R 


ilues it Stodola’s formula 


us a simplihMed expression 
ind tangential stresses at anv point (defined 
hyperbolic sect 


procedure the v: 


1.00 





due to the centrifuga 
we will find now the iners 
> dise carrying projecting 
blades on the turbine whe. 
csc 


we know 
pe riphe ry it 
dise without pre 
Will become 


'oR.6 96 & 10%), (Rm 


96 & 10%), R!- - 104 * 1054.R 
rth equations for / 


) 


ind equating the values thus 


We will find now the general forr 


onditions lirst we must find 
1945 


u 
Febri 











(1 + Syv)az? 


{ l + die” ‘ 


186 X 107!° 64, —— 


va : 
= 435 x 


— 41 XK 10-* om? 


' : m}-815 (7793-815 - 
Q-!? g ——_—_—- 


1) 


mo>:?3— |] 


m}.-615 


™o>-25 — } 


An examination of formulas (7) to (10) an 
(28) reveals that all the exponents of m and my 
multiplying factors bear a direct relationship to « 
and a. Having established this relationship we 
write a general formula for ¢,, ¢4, ¢,1, o;?: 








5) 

















v2 mg*-815 — mg3-28 ‘a m2 
1 + yYor)bex = 183 10-9 bi Pca: Or — Co 4 m 
m}.615( 9793-23 — ] 
mo3-23 Payers = a P 
( _ - 1 3 : 2 v1 2 
iS” a * m'-618(9,3-23 — 1) m (Mo l Mo +- Mp } 
‘ gee ee = oes ae 
E . ; . ‘ . li— vi — ve 
which substituted in Stodola’s formula (1) for o; will give m "(me . l 4) 
after reducing 
ate 1.07 m-23(mo3-15 — 1) + 4.55 (e385 — mo3-24) 0.615m3-23-+ 2.615m,3-?4 
o, = 1.365¢ m2 . — —— -——_ ——_ — os 
m}-615(3-23 — ]) m}-815(1 — mo3-23) 
Comparing (17) with (7) and (18) with (8) we find, 
by subtracting one from the other, that the additional r 
radial and tangential stresses imposed upon a rotating disc oo =04B | —m? 
by the centrifugal force 73 of the projecting masses at its a 
periphery, in the case of the disc having the shape constant 
a 2, are expressed by the term of the sum outside the =e 3—¥ 3—¥ Lv, 7) 
I , Cm (mo —1)+ D(m — mo }) 
bracket. And, repeating tor @ ~ 0, @ 65. 8 = FE. and —__—— — —- ~ 
s : ° 1— ye h—y2 
x 1.5 the same procedure we have followed for a = 2, a— eile, | 
we obtain: 
viwy vi — ¥2 
mo3 m3-23 mo — m 
a," o3 n For a = 2 19) o,) = og ——————_ —— 
m 1-615 (973-23 1 1—ye2 bi — 2 
m (mo —1) 
0.615m3-23+ 2.615m,3-23 vi- vi-—y¥2 
ot" T3 Fora = 2 (20) Yimo yom 
m1-615(] met oy = oy ial ae 
1— ye v1 — $2 
mh l — Mo ) 
2.84 m 4 
: " m** ———e 1 where: 
oF 37mg? 84 — I ee ee nad A = (14+ 3y) (1 —»*)B = 1.73B 
: 1 +2 1.9 
0.67m?-84+- 2.17 m92-84 ; Dx = EE = 
or 73 - For a = 1.5 22) S§ — (3+ v)a 8 —3.3a 
mi 6 l m 54 
A 
ie ; _— he a) 
Mo? 49 mé-%9 C= B ¥ = | (OW. 
Or a3 For a l 23) 
” 4 Mo l 
] . 1.7 
) = Yi - (oy 
— a B 
0.745m?-49+ 1.7 $£5mpo? 49 ‘ 
a;' v3 2 — For a = 1 24) i 
m}.745(] — rmg?-4® [he above general formulas are a new presenta 
Stodola’s formulas. They offer the advantage ol 
susceptible of being plotted on rectangular-coord) 
Mo m P 
a, = Tor a = 65 25 charts. If we assign in the above general formulas 
7)1.85(p77,2-2 . ; 
m No I value to one of the two variables: m and mo (say 7 
equation, for a chosen value of a, will contain 
° | e+ 
0. 8in | 35 :me?? variable (say mo) and its function, and can be plo 
oe _ or ea : = . _ " - 
o: 3 For a 0.5 26 a simple chart for each chosen value of the fixed 
” 5 ” 
and the selected value of a. 
Tables 1 to 5 give the numerical values of n,, +, 7 
rar ae n:' when formulas (7) to (16) and (19) to (28) 
- —_— 9 
- . mer a For a 0 es pressed in the form: 
Or on,, Of Olit, Gr Oglir’, Of O2lis 
m2?+ n Figs. 1 and 2 are the graphical representation 
i ( - F a=) 28) ‘ x 
- m1 — m sf above formulas for corresponding values of 2. 
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COLD-ENGINE SLUDGE and Its 
CONTROL 


MA _| 


Y and large, low-temperature sludge is still 
B one of the most prevalent types of engine 
deposit. It is formed wherever conditions are 
such that oil contaminants may settle out. 


by B. E. SIBLEY 


Continental Oil Co. 


A recent large survey shows that control of 
sludge is influenced by many factors, such as 
engine design, accessory equipment, oil quality, 
and operational judgment. oi: becomes more used, zmulsions are more readily formed. 
Dirt particles act as nuclei in connection with the emulsion, 
Poor quality oil, due to its instability, forms P 


and as a result we have a combination of oil, water, and 


sludge very rapidly. 


The use of h-d oils is recommended, but h-d 
oil should not be charged into a dirty engine. 


The greatest measure of control, however, can 
be obtained by observing the ordinary rules of 


dirt. 


2. Dirt. 

(a) Dirt carried into the engine through the car 
buretor intake and breathers furnishes a good portion of 
the extraneous contaminants found in sludge. The air in 
take dirt in kind and quantity will vary with top soil and 


good engine maintenance, proper operating 
conditions, hot crankcase drains, and servicing 
of filters and other accessories. 


wind conditions, also depending upon the efficiency of the 
air cleaner and proper servicing of such equipment. The 
lirt found in engine crankcases in northern Idaho and 
* eastern Washington has been shown to include a consider 
SIBLEY (M '21) is chief tech 
Oil Co., having first joined the 
as an automotive engineer. An active 
e Society, Mr. Sibley was 1938 vice-president 
ls & Lubricants Activity and is now serving 
the same Committee. He has 

at SAE meetings, 


able portion of dirt of volcanic origin. Aside from its being 


1 


THE AUTHOR: B. E. 
gist a sludge constituent, it is also a very good lapping com 


Continental 
71 pound. Airborne dirt in a highly alkaline region will, of 
course, have a different effect when compared with that of 


been a other areas. Sludge formation is also affected by the 


where he has contrib 


knowledge, and many of his 


SAE Journal. 


following: 

echnical . 

ed in the (b) Residual combustion products. 
(c) Soot. 

Ln | 


(d) Lead oxide - when using leaded fuels 


(e) Sulfur content of sludge — influences corrosion 
\NY definitions may be advanced in the description of of metal and the metal from that corrosion accelerates and 

sludge. The type of sludge under discussion will not 
« misunderstood when we refer to it as low-temperature 
ige, cold-engine sludge, water-type sludge, and the typi- 


ise-like sludge that is understood by those who have 


stabilizes sludge formations. 


3. Oil quality. Sensitivity to water emulsion. Sensitivity 
oxidation. 


: : > f | 
ractical experience with the sludge problem. In gen j- Materials from oil 
constituents of that type of sludge are described in 


W Ing: 


(a) Carbonaceous matter 
(b) Oxidation product 


Water — which arrives in the crankcase as one of the 5. Fuel gum. Valve operations are affected by fuel gum. 
onstituents of the products of combustion, pro ) 
forming of emulsion in agitation with the crank 
lhe “breathing” action of the crankcase results in 

ndensation. Some sweating of the crankcase also 
in addition, there are more cases of leakage of 

ist the gaskets than one would suspect. 

vater in agitation in the crankcase oil and as the 


Defective valve conditions may obviously be expected to 
have a bad influence upon crankcase conditions. The above 
“sludge promoters” will be present in varying amounts and 
proportions according to operating conditions and super 
vision. 


A low-temperature sludge sample representative of mild 
“A” quality operations; that is, short driving of infrequent 
occurrence after drying, showed the following analysis, 
in per cent: 


r was presented at the SAE National 


Transportatior 
Meeting, Philadelphia, June 28, 1944.] 
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This sludg« sampk contained so much water that it was 


necessary 


( hloroforn 


\sh 


\luminum ( 


irol 


Carbon 


DONACCOUS 


the first tabulation. Undoubtedly, carbon trom the under 


Ash 


Petroleum ether insolubles 


Chloroform insolubles 
\sphaltenes 


Sulfur 


to d 


fuel. 


Naphtha_ insolubles 


(by weight) 


1 
\sphalte nes 


1 insolubles 


Sand (Sif ). ) 


\I],O% ) 


1 (Fe.Os) 


1 1 
(carbonaceous material 
Le ad 


occurred ron 


ICCOUS 


materia 


material present 


{ the piston head 


CATDVONACCOUS 
lead content indi 


practices. 


Meeting, Chicago, 
Vol 
Wolf 


nsactions 


M 


Was Ol 


cates 


Presented 


85.7 


Oo 


} 


W 11C 


1c ¢ 


material 


Eng 
at 
Ma y 


44, 


principal constituent of 


Lead was the 

{ : 1 
nounts o sand and iron, also a trac 
is an ippreciable amount 


hn comy 


ne ( 


the 


17, 


June 


0.39 


ry it before the examination could be made 
lhe original sample was about 10° water. 


Owing to the type of operation, this unit really never 
exposed the oil to even normal temperature conditions - 
certainly not to high-temperature conditions. .The low 
isphralten content 18 due to the use of the very stable oil 
ind the type of operation mentioned. There was consid 
erable corrosion of the valve cover, which was unquestion 
ibly caused by the 


amount of water associated with the 
sludge in combination with some of the sulfur derivatives 
from the 


Examination ot a dried sludge sample from the oil screen 


ot a light truck in normal operations showed the following 
alyses, by per cent: 


10.9 

Small amount 
Trace 

Small amount 
82, 

Large quantity 
the ash, with small 


e of aluminum. There 


t 
I 


SAF 


1944 


Age 


Nat 


939 


] 
sludge berore 


pal contributors 


M 


the 


Ion 


CTANKCASE 


the oil passageways otf 


completely. 


{ 


result that the tresh charge of oil is contaminated 


case drain from the oil previously 





@ Control 


1. Engine operating temperatures should by 
maintained by use of dependable thermostats in t 


system. Proper supervision to assure having 


ind normal engine temperature is generally 1 


i 


iS a necessity 1n guarding against engine mainten 


lems, of which sludge is frequently the cause of tl 


Adequate crankcase ventilation is required 
disposing of trouble with the water vapors. He 
other gaskets, and water connections should b 
in a nonleaking condition. Careful inspection 


duce surprises at the number of “leakers” th 


ound. 


> { 


a) Good oil filters of sufficient capacity, p: 


iced, will obviously greatly reduce the amount 


forming contaminants that would 


otherwise a 


in the oil system. The location and amount of 


cumulations will, of course, have an effect upon 


nance costs and service interruptions that are du 
failures. 

(b) It is highly important that draining of th 
crankcase should occur when the oil is thoroughly 


has been in circulation a reasonable time, and 


aS 


ossible after the engine comes to rest. 


° 1 
oii will be more effectively drained from th 
observing that practice. The cold draining of 


oils is very bad practice because it drains off only 


ind leaves the settled oil sludge in the bottom 


pan. Discussions with operators reveal they are 


wcquainted with the fact that hot oil drains s 
practiced. As a rule they are of the opinion the 
ewing that practice. Numerous investigations « 
vears have failed to find where hot crank« 
really practiced, despite claims to the contrary 
mount of time is required for the draining 
hence the handling oO} that problem pecom } 





The sludg 


\ 











Design 1 


oy npro ements to [acl it \ 
he oil passageways would be a valuable cont 
the equipment manutacture! Phat pro ) 
ae 
result in a more thorough cleaning of the o 
| { ] ) 
it the time of engine overhauls. Being ea 
vould promote the desired cleaning. Dirty oil pa 


ertainly result in the early contamination of th 
ccelerate sludge formation. All we would hav 
vet a good illustration of the problem involved in 
nent 1s to make a study of how you would clea 


some Of Our engines. 


(e) The equipment builders can again render 
issistance by supplying crankeases that are built 
Sludge particles settle below the 


the 


dra 


ft the oil pan soon after engine is stopped, 


carried-over sludge material remaining below th 


In Use 
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lity: Sludging problems, with their accom 
are inversely affected by oi! 
dges will form more quickly and in greatet 
he less stable or lower quality oils. 


untenance costs, 


\ As a pre 
veasure, it would be advisable and ultimately 
to practice 


crankcase drains 


sistant or lower quality oils are supplied 


more frequent 


of oil oxidation are sludge promoters. Ex 
issociated with some sludging difficulties, such 
cond tabulation previously mentioned, results 
lusion that the asphaltenes have been quit 


forming of a sludge that effectively plugged 


oils manufactured by the solvent extraction 


to a certain point are 


more resistant to emul 


compared with the older or 


conventionally 
Oxidation inhibitors, however, should be used 
ent extracted oils to provide additional protec 
yxidation, without which objectionable deposits 
1countered and those de posits would be hel 
yrmation of objectionable sludges. 

1 


iS sludge may x 


in the en 
when accumulation of the sludge will 


, 
carried to points 


result 


ilure. That presents a real hazard where the 
not been observed to assure a reasonably 


and when a 


a 
| 
Ire sh cl arge ofr 


another oil is 


which may result in the 


sludge material 


a 1 | . } } 
rom one place to another within the ens 


gine, 
her quickly, in which event the blocking 


r the plugging of an oil passage may 


ave been encountered in which sludging « 
iy plugging occurred, when 


an effective cd 
vas placed in service in a dirty engine that had 


nondetergent cil or an oil of 


another typ. 


onditions, it is no longer unusual or surprising 


a troublesome condition because the effect 


oosens up the sludge-coated interior of th 


sludge that 


has been loosened may caus« 


] | 1 
lines, oil screens and _ possibly 


hav Oc’ urred 


in engine to Start 


sion, however, an erroneou 


that the det rgent-type ol wv 


that when 


point 
is highly impor 
1 ] 
thoroughly cleaned as a precautior 
type cf condition just mentioned 
; ] 1 
of oil rings by 
dic Eines 
wscussedad between 


sludge or engine dirt 


representatives 


petroleum industries There is 


1 
opimon that some 


sensitl 


) 


mp 
%” expected witl 
etallic soap in the oil in securing the deter; 


— 


a detergent oil because ot 


is considered necessary. more particularly 
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engines operating at higher temperatures and in 
water contamination would be practically nil. 

An appreciable amount of engine laboratory testin 
been conducted bearing on this subject 


whi 


} 


has 


In addition, an 


, is 
extensive survey has been made to develop the practica 


or service effects of using the heavy-duty type of o1| 


especially with reference to the ring 


fouling subject 
. . i 
( oordinating Equipment Research Committee <¢ th 
formed a Sludge 


Smith 


. . } 
ordinating Research Council, Inc 


under the leadership of T 


included in the summary of the work by that 


ditional investigation ver ecentiv conduct 


. } 
units, resulting ina tot il O " heets opera 


Chey reported upon the'r gasoline-engt 
ving experiences, using a heavy-duty ty 

] ] 
red with a regular grade of motor 
summary of 


tions: 


’ 
44 
i¢ 


some Very little, ete 


and 


Th 








Regular or H-D Used When Plugging Occurred 


Regular H-D 
1a. 14 2 
tb. 2 l 
eG. ‘5 
id. I 
ie. I 
if. 2 I 
Ig. I 
otal 26 5 
Effect of H-D Oil on Ring Plugging 
Reduces 
Materially Slightly 
Eliminates Reduces Yes No 
Ia. 2 7 I I 
tb. I I 
Ic. 3 3 I 
rd. I I 
re. I 
rf. 2 I 
Ig. I 
Total 10 13 2 2 


The above definitely indicates improvements resulting 
from the use of a detergent-type oil. In the following 
paragraphs we quote a few of the observations reported 
by the fleet operators relative to the plugging of oil rings 
and sludge troubles: 

“Extremely important that pan be dropped and engine 
thoroughly cleaned when changing from regular to h-d 
oils.” 

“Hot weather and too heavy an oil are most conducive 
to ring plugging.” 

“Oil filters to keep oil clean materially reduce ring 
trouble.” 

“Often the deposits build up in winter and trouble ma 
terializes in following summer.” 

“Fleet operator having experience with both low-mileage 
trucks and buses observes that h-d oils are much more 
necessary in the buses.” 

“One operator using regular oil and changing oil only 
at overhaul periods states that he does not have sufficient 
ring-plugging trouble to warrant changing to h-d oils.” 

“One large operator states that wherever ring-plugging 
trouble has occurred with regular oil, he has changed to 
h-d oil and eliminated it.” 

“One operator has found that for cold-motor, start-stop 
conditions h-d oils are not entirely satisfactory from a 
sludge-prevention standpoint.” 

“An operator changed to h-d oil and eliminated trouble 
some spark-plug fouling. In some engines compression in 
creased 30 psi. General performance was better.” 

“One operator using h-d oils mentions that he also uses 
160 F thermostats, leatherette winter fronts, and oil filters. 
He finds that each helps.” 

“An operator states that the presence of the plugged 
oil rings is not realized until engines are pulled down.” 

“An operator’s worst ring-plugging trouble is in police 
cars parked a good deal with engines running.” 

“Some types of rings fill more easily than others. C-i 
rings with expanders are much more likely to fill than steel 
segment rings. Ring trouble varies with engine designs. 
Detergent oils definitely do help. Also, regardless of addi 
tives the high V.I. oils give less trouble than low VI. oils.” 


82 


“An operator using all regular oil observes that |p, 
operating temperatures are rain cause of his trouble.” 

“Another operator states that he finds that im, rovemen 
in changing from regular to h-d oils is more in some type 
of engines than in others.” . 

“An operator who uses nearly all regular high VJ, gj 
vent extracted oil feels that ring-sticking trouble ar 
mostly from poor ring and piston design. Some trou! 
are brought about by using undersized engines.’ 

“Piston-ring clogging, plugged oil screens, and resultig, 
connecting-rod-bearing failures have been eliminated 
changing from regular to heavy-duty oil.” 

“Heavy-duty oils are used to prevent valve sticking by 
also have materially reduced tendency to plug rings.” 

“The blocking of oil-ring grooves (also piston oil draip 
holes) is in the order of 30% greater for intermittent typ 
of operation compared to normal over-the-road jobs, with 
due consideration to comparable engine mileages.” 

“One finds trouble comes from use of low-temperatur 
thermostats, also from too long an oil change period.” 

“Very few cases of plugged oil rings with either h-d 
regular oil if filters are used.” 

“Operator had serious ring trouble using regular o 
He eliminated it by using h-d oil.” 

“Thermostatically controlled engine radiator shutter 
are used with good results by operator using regular ¢ 
100%.” 

“Operator of a large fleet of buses uses h-d oil in 6 
and regular oil in 40° of units. He has found use o! 
heavy-duty oil does not eliminate need for proper pistor 
ring set-up and clearances. Extreme care must be employe 
when changing from regular to h-d oils. This operator 
installs h-d oils in old equipment only at time of complet 
engine reconditioning.” 


m Conclusion 


Good supervision in maintaining healthy or normal 
gine temperatures, the use of a good quality oil, in con 
bination with effective oil filters, air cleaners properly ser 
viced, observance of a sane crankcase drain period and th 
practice of draining the crankcase hot are the major item 
that can be easily used to advantage in controlling sludg 
problems. Those problems are mostly due to low-tempet 
ture operations resulting in water contamination, the us 
of an oil of questionable quality, generally because 
price, greater mileages between crankcase drains, imprope! 
servicing of oil and air filters where they are used, a! 
the practicing of cold crankcase drains. 

Under some conditions a heavy-duty type of oi! 
obviously be used to good advantage, as shown by the sur 
vey mentioned. However, that should not be consider 
as a panacea for all ills, because each fleet operation shou! 
have the benefit of individual study. A mild type of 
tergent oil may prove to be more desirable, or at lea 
equally desirable than a regular heavy-duty oil in the t¢ 
ducing of sludge troubles, and especially on those unit 
and in such operations where unsatisfactory experiences 
have occurred in connection with the effect of heavil 
leaded fuels upon valve operations. The use of the heavy 
duty oils is considered as supplementary only to the item 
just mentioned in controlling sludging difficulties to a sa! 
isfactory minimum. 
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VAPOR-LOCK TESTS 


an Ordnance Transport and Combat Vehicles 





: 


pi )R to the war, the control of the volatility of motor by WALTER C. AINSLEY 


fuel minimized vapor lock in passenger and commercial 
vehicles through the marketing of what might be termed 
Dy “tailor made” fuels. Under this arrangement, the volatility 


Seer is 


oR, 


Sinclair Refining Co.* 


-_ ; " A measure of starting interference was obtained by 
en 20 regulated senate: the requirements of recording the time in seconds required to start the engine 
m vchicles operated in different regions of the country at the after the r-hr warm-up and the 5-min soaking periods. 
ae ahi tit a. seasonal oe ’ In Table 1 are listed the data obtained on the '4 ton, 
E ky nder the exigencies of a global war that reaches into 914, ‘Pine dilluat jams sada Keon singhibiion were 
Bi sts of he pal eins on one exteme and ito fe, hv and Dae the sane veh ath sown 
2 > a 2 - with the corresponding letter except that the standard fuel 
of “tailor made” fuels for these far flung operations was pump has been replaced by an electric pump mounted in 


© obviously not the solution to vapor-lock control, by reasons 


Ke é the fuel tank. Quantity production and experience relative 
f the difficulties of transportation. 


to the service life of such pumps restricted the use of such 


% he U.S ) was cognizz > fi: . ary a . 
a The U. - Army was cognizant ot these facts from the pumps. Vehicle E-2 is the same as E, with some modifica 
3 beginning of the war and realized that vapor lock pre- tiome made in the fuel eracm 

S . “ - ) all. 


sented a serious threat to satisfactory operation of Ordnance 


a é Table 2 gives the results obtained on the intermediate 
vehicles under widely varying conditions of temperature 





. size transport vehicles. G-3 and L-4 are the same as vehicles 
ind altitude likely to be encountered in combat service. 


itary experience under high atmospheric temperature 
onditions indicated the necessity for modifications of the 


G and L, respectively, with the fuel lines modified so as to 
eliminate restrictions in fuel flow and to remove the line 


; ; from high temperature locations, which shows an improve 
uel systems of some Ordnance transport and combat 


vehicles. The study of such vehicle changes was directed 
toward giving reliable performance over all types of terrain 
and under all climatic conditions when operating on a 
single, all-purpose fuel. 

In the Spring of 1942 the Ordnance Desert Proving 
Ground was organized to conduct various tests on the 
lesert, and fuel requirement tests were included as a part 
that program. The Coordinating Research Council, Inc., 
is invited to assist with the fuel test program and a group 
as organized including representatives of the equipment 


® “anutacturers and oil refiners who had had experience 
m® with vapor-lock testing. Two proving grounds were set up to conduct 
' various tests on the desert, and fuel requirement 
tests were included as a part of the program. 
The first course was organized at Camp Seeley, 
Calif., and the second one was set up at Camp 


ment in starting time. 
Table 3 gives the results obtained on the heavy transport 
vehicles. The M-5 is the same as vehicle M, with a heat 





Tk. Ordnance Department, realizing that vapor 
lock presents a serious threat to satisfactory 
operation of Ordnance vehicles, inaugurated a 
program to study the effect of vapor lock on 
military vehicles under widely varying conditions 
of temperature and altitude. 


| vapor-lock tests were made in accordance with the 
“i procedure, except that the warm-up was for 1 hr at 
t governed speed instead of for 50 miles at 50 mph as 


s pleasure cars. The vehicles were each tested at . 
S ty on np ye ; Young, Calif. 
; peratures and the Reid vapor pressure for marginal 
cs 1POr-lOCK gasoline taken as the average of the highest Mr. Ainsley gives here a brief summary of the 
por pressure tor “no lock” and the lowest vapor pressure work carried on by the Ordnance Department on 
ght lock.” vapor lock at these two camps. 
ler to place the results on a comparable basis, the 7 


marginal vapor-lock gasoline was calculated for 


; . : THE AUTHOR: W G. AINSLEY (M '29), di 
ind 110 F atmospheric temperatures. These calcu. ee ae ee yan sendy 


ite ults ; b . ‘ e rector of engine laboratories, Sinclair Refining Co.., has also 

sults were obtained by interpolation or extrapola- acted as consultant on fuels and lubricants for the Tech 

| ‘on trom data obtained at the various atmospheric tem- nical Division, Office of Chief of Ordnance, for the past 

m Ptratures encountered during the tests. three year Hi interest in SAF. work is evident from hi 

é membership in the Fuels and Lubricants, Diesel Engine and 

ms sper was presented at the SAE War Engineering — Annual Air Transport Activity Committees of the Society as well 

% 7 Vetroit, Jan. 14, 1944.] is in the CRC Coordinating Lubricants Research Com 
g nae al consultant, Fuels and Lubricant Section, Service Bratch, mittee 


Division, Office of Chief of Ordnance at time of presenta- 
per. 
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Vehicle 
A (™% ton 


B (1% ton 


B-1 (14 ton 
C (1% ton 


D (\% ton 
D-1 (14 ton 


E (14 ton 


E-2 (14 ton 


F (14 ton 
Amphibian 


Vehicle 





K (2% ton, 6x 6 


L (212 ton, 6x 6 


L-4 (2! 





m Fig. | — M4-Al tanks finishing the warm-up on the road course — 





F ('4 ton, 4x4 
G (1% ton, 4x4 


G-3 (14 ton, 4x4 
H (34 ton, 4x4 


1 (144 ton, 4x4 


3 (114 ton, 4x4 


2ton,6x6) 100 


Table 1 


Atmos- 
phere 
Tempera- 
ture, F 
104 
114 
95 
104 
114 


112 


103 
115 


98 
115 


112 
110 
114 
115 
110 

97 
116 


rc 
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Table 2 


Atmos- 
phere 
Tempera- No 
ture, F Lock 
103 7.6 
103 pe 
100 6.7 
114 
116 
102 
106 
109 
110 
98 
111 
116 
100 
103 
106 
95 
106 
97 
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Vapor-Lock Tests 


Marginal Lock 


At Tem- 
Slight perature At 
Lock of Test 100F 
8.3 8.0 8.7 
6.3 6.2 
10.4 9.6 8.7 
7.3 7.0 7.4 
6.2 6.1 
10.9 10.8 11.9 
6.6 6.4 6.6 
§.7 5.6 
8.7 2 7.0 
6.1 6.1 
11.8 10.6 11.8 
6.9 6.4 7.8 
6.2 6.1 
5.9 §.7 
9.3 8.9 10.3 
7.3 7.1 6.8 
5.1 5.1 


Vapor-Lock Tests 


Slight 
Lock 


7.9 
8.2 


Som 
5.7 


7.8 


ow 
_n 


aon of =-No ON 


Margina! Lock 


At Tem- 


perature 


of Test 


COON ODNN NON NN uo ™“ an com 
m OFS DON OUOS BU ©ON NSD OF 


Camp Young 


At 
100 F 


7.5 


7.0 


At Starting 
110 F Time, sec 
6.9 14 
6.9 8 
6.5 1 
3 
11.0 3 
5.9 1 
2 
6.3 1 
2 
10.8 1 
€.4 1 
1 
1 
8.9 1 
4 
3 
At Starting 
110 F Time, sec 
6.6 2 
2 
6.0 3 
1 
7.8 2 
9.6 1 
1 
7.3 3 
3 
te 3 
6.5 3 
3 
if 
6.2 35 
13 
ee 42 
7.8 4 


m Fig. 2 —Tanks lined up at headquarters area during the soaking 


period -Camp Young 








Table 3 — Vapor-Lock Tests ae 
Marginal Lock BS 
Atmos- i a 
phere At Tem- ona 
Tempera- No Slight perature At At Startip a 
Vehicle ture,F Lock Lock of Test 100F VIOF Time oe 
M (4 ton, 6x6 96 7.8 8.4 8.1 7.8 7.0 1? e 
108 7.0 7.4 7.2 
M-5(4ton,6x6) 104 6.9 7.5 7.2 7.6 6.7 ’ 
N (4-5ton,4x4) 93 11.0 12.0 11.5 10.4 8.6 eS 
114 7.9 8.5 8.2 & 
O (5-6 ton,4x4) 90 9.1 9.6 9.4 9.0 8.6 
104 8.8 8.7 8.8 
P (6 ton, 6 x 6) 93 8.4 8.9 8.6 7.8 6.6 
109 6.5 6.9 6.7 
Q (6 ton, 6x6 96 9.1 9.7 9.4 8.7 6.9 
108 7.2 7.2 72 


Table 4 — Average Marginal Vapor-Lock Requirements for 
Quartermaster Corps Motor Vehicles 
Average Marginal Lock 
At 100 F 


Vehicle At 110 F 
14 ton, 4x4 7.8 6.6 
M% ton, 4x4 Jom 6.3 
34 ton, 4x4 9.6 6.9 
1'4 ton, 4x4 7.8 7.2 ’ 
22 ton, 6x6 7.3 6.6 
4 ton, 6x6 woe 6.8 
4-5 ton, 4x4 10.4 8.8 
5-6 ton, 4x4 9.0 8.8 
6 ton, 6 x 6 8.2 6.7 
Grand Average 8.3 7.2 
shield installed at the carburetor Hang to 


starting time. 
Table 4 


ments tor transport vehi 


SUIMIMMArIZeS the marginal Vapor lock 
les, as hase d on vehicle rati 
ndicates a grand average requirement of 8.3-psi Rv 
at 100 F and 7.2 psi Rvp tuel at 110 F. 


It must be borne in mind that some ot thes« 


1 1 1 
obtained after modifications to the vehicles, suc 


relocation of fuel lines, changes of fittings and filt 


carburetor 


tion, addition of heat shields, and 


pump changes, were made. 


\fter the work on wheeled transport 


venhicl 


pleted at the Ordnance Desert Proving Grout 


eley, a similar 


vehicles at the Desert Training 


Calit. The test course 


tative ot terrain in des 


might be expected to operat 


Council, Inc., 


with the tests and 


mendations to the 


‘ ' 
furnished 
ror the 


Ordnang 


CU 


ir 


th 


as in which th 


technical 


program of tests was conducted o 


gy Center, Camp 
for this work was 1 
if S 
The Coordinating 


personne | 


preparation of the fina 


Department 


The combat vehicles operated for 


wel about 
eoverned speed, ending up with final warm-up 
wide-open throttle on a sand and gravel course. Fol 
this warm-up, the vehicles were allowed to stand 


m Fig. 3—M4-Al tank on the desert course -Camp Young 
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m Fig. 6—Fuel system for M4-AIX! medium tank—Rvp at 80 F 
12.4 psi; 10% evaporation at 105 F 











B82 VALVE 


Fuel system with which M4-Al medium tank was origi- tanks 


instead of the four individual tanks previously 
sipped — Rvp at 80 F: 10.8 psi; 10% evaporation at 113 F 


hown. Fig. 7 shows a production fix as installed in the 
Be, } 


M4-AtXI tank and tested at Camp Young. 


oe ' I sand ’ . 
dling and for a 10-min soaking period. Fig. 1 lig. 8 shows the original fuel system on the M4-A3 tank, 


4 


M4-A1 tanks finishing the warm-up on the road with the four separate fuel tanks. 
shows the tanks lined up at the headquarters The test work at Camp Seeley, and later at Cam, 


he soaking period, and Fig. 3 shows one o Young, which has just been described, consisted mainly ot 
< Sb . > « & ‘ 2 P 


41 tanks on the desert course. a survey of fuel vapor pressure requirements of Ordnance 


| of the soaking period each vehicle was tested vehicles after certain changes in which fuel system designs 
lock at wide-open throttle over the sand course. had been developed to decrease the tendency of the vehick 
cle was shifted through the gears as rapidly as to vapor lock. In order that these changes in the fuel sy: 
the selected gear for the acceleration test was tems might be proved under controlled desert operations 
then atreleceted at wide open throttle. Ob it Was again necessary to survey the vehicles and to recor 
vere then made tor vapor lock, which included mend further changes 1f necessary 


} 


fuel line. engine temperature rise, and hese many tests covering the Operation of combat and 


misfiring or power loss. transport vehicles :ndicated the characteristics of the all 
ples of modifications that were made in the purpose gasoline necessary tc ensure satisfactory operation 
these vehicles are illustrated in the follow under all types of terrain and a wide range of atmospheri 
Matic diagrams. temperatures. The principal points of the pecifications i 
shows the fuel system with which the M4-A: such all-purpose gasoline are shown in Table 5. 
tank was originally equipped. Fig. Ss shows the In order to proof test the all purpose gasoline, tv 
mmended field fix to give satisfactory operation necessary to develop a qualification test procedure a 
hows the arrangement of the fuel system on the select a test course so that each vehicle could be operat 


nk, employing two integral, left and right, fuel under severe conditions 


\ test course was selected (Fig. 9) which include 


} 
| 


oose sand track of about five miles for wheeled vehi 
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Field fix of fuel system for M4-Al tank—Rvp at 80 F: Fig. 7 — Production fix of fuel system for M4-AIXI tank —Rvp 
12.8 psi; 10% evaporation at 180 F at 80 F: 14.9 psi; 10% evaporation at 97 F 
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Table 5 — U. S. Army Specification 2-103B — Class A 





10% Evaporation, F 140-158 
; 50% Evaporation, F (max.) 221 
RIGHT” VERTICAL 90% Evaporation, F (max.) 328 a 
FVEL TANK Residue, %, (max.) 2 " 
Vapor Pressure, psi (max.) 8 a 
mis ites Octane Number, ASTM (min.) 80 < 
Gum, mg per 100 mi (max.) 7 
CARBURETOR Sulfur, % (max.) 0.25 
Corrosion None 
, TEL Content, cc per gal (max.) 3 ; ey 
\ Oxidation Stability (max.) 2 Ib drop in 714 hr ‘ 
= ; z Sa —_—_—__-—— ———— c 
Ss | SY 
A x ” = = SS ae : — <— 
sx ex ae 72 
sf ENGINE | gS Table 6 - Summary of Vapor-Lock Qualifying Tests 
Ky | ne on Transport Vehicles i 
% { w 5% 
4 g bs Py Maximum Ambient Rvp of 
| site am — J > R Temperature, F Vehicle Fuel, psi Result R 
aa UMP = 103 4 ton, 4x4 7.5 Complete lock in 2 hr 
ee SP 5 patty eons fie sstihancamteoeedll —_— 105 14 ton, 4x4 7.5 Complete lock in 31 hr \ 
a RADIATOR 110 1% ton, 4x4 7.5 No lock in 5 hr & 
~~" =e. Sas oo ee 106 \%, ton, 4x4  & No lock in 5 hr 3) 
; aa 108 \, ton, 4x4 8.1 Incipient lock after 31 hr - < 
m Fig. 8 — Original fuel system for M4-A3 tank—Rvp at 80 F: 10.4 No serious lock 
psi; 10% evaporation at 115 F 104 Y% ton, 4x4 9.1 No lock in 5 br 
110 3% ton, 4x4 7.5 Incipient lock after 134 hr 
11 % ton, 4x4 7.5 OK for 21 hr 
106 3% ton,4x4 7.5 No lock in 5 hr 
and a yinati and an ‘ sravel c . ack 107 ¥% ton,4x4 8.6 No lock in 5 hr 
( coml ination sa d and hard gravel course tor track bf varess . sh werd ot td 
laying vehicles. The desert terrain was selected so as to 1 11% ton, 4x4 7.5 Lock in 23% hr 
‘ e P ‘ 1 i 
give severe operating conditions, forcing the engine to seed VA ton, 4x4 7.8 He tock in 8 Or 
‘ ‘ ' 107 21% ton, 4x4 7.5 Lock in 31 hr 
develop tull power with low vehicle speed. 110 212 ton, 4x4 7.5 No lock in 5 hr 
+ 3 < “po : 117 24 ton, 4x4 7.5 No lock in 5 hr 
To pass the vapor-lock qualifying test, a vehicle must 108 21, ton, 4x 4 91 So lack tn Bae 
operate satisfactorily for 5 hr at an ambient air temperature 106 4 ton, 6 x 6 7.0 No lock in 3 hr ' 
; : 108 4ton,6x6 9.1 Lock in 21 hr 
of tro F when the vehicle fuel tanks are filled with the 107 4 ton, 6 x 6 9.7 Incipient lock after 434 hr - Ir 
most volatile 9 ine itainable . rs 4 106 6 ton, 6 x 6 7.0 No lock in 5 hr ¥; 
10S ola ile gasol ne obtainable under the U. Army os cng tebe 4 etek ube 
specification 2-103B, Class A. pecan we 
e . *» 
An evaluation of various degrees of vapor lock from = -—---———— 
é . . . { 
incipient to complete stoppage of the vehicle was obtained Table 7 - Summary of Vapor-Lock Qualifying Tests 
tor liquid-cooled engines and the results expressed in terms on Combat Vehicles 
of elapsed time of operation. For the aircooled engines, the a — 
test was ended and the lock rated at the first sign of vapor Temperature, F Vehicle Fuel, psi Result 
lock encountered to avoid permanent damage to the engine ve apneic “e onions ened 
i ee ee Rereese Pee eee re ee 103 M5-A1 light tank 7.5 No lock in 5 hr 
\n exception to this case was rich lock, which was not 107 M5-A1 light tank 10.4 Lock in 3 hr 
particularly harmful to the engine. When this rich lock ww BA4-AIX! modiom tank 7.8 webepdubdel 
, 3 ‘ : 105 M4-A3 medium tank 8.3 No lock in 5 hr 
was encountered on aircooled engines, the tests were cor 107 M3-Al scout car 8.0 No lock in 5 hr 
tinued beyond the point of incipient lock. 103 M3 half track 8.0 Incipient lock after 343 
Five-minute idle and ten-minute heat-soaking periods 1s M9-A1 half track ¥.8 Lock after 4S 
< . 107 M8 armored car 7.5 No lock in 5 hr 
were scheduled after each hour of desert test course 


operation, with immediate resumption of sand lugging 
operation. 

Summaries of data obtained on the qualifying tests are 
given in Tables 6 and 7. 


Fig. 10 shows a *4-ton and tracks at Camp Seeley. Fig 







ate Flags. 





cale: inches - }) sile 





DIXIELAND 
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(above sea level U.S. @ 
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11 shows an Mq-Ar on the test course. Fig. 12 is a dit 
gram of the fuel system of the 4-ton, 4x4 before and atte: 
approved fix. 


The qualification tests on the combat and _ trans} 


vehicles indicate that with small chang 
the fuel system all vehicles will operate un 
severe load and high temperature condit 
on gasoline meeting U.S. Army Specih 
2-103B. 

The author has given in thjs papet 
brief summary of the work carried on by ' 
Ordnance Department on vapor lock. Ina 
more than one hundred and fifty militar 
vehicles have been tested and through 
cooperation of the Coordinating Resear 
Council, the automotive and_ petroleum 
dustries have furnished more than {or 
thousand man-hours of technical ass 





m Fig. 9 — 1943 vapor-lock test courses 
- Ordnance Desert Proving Ground, 
Camp Seeley, Imperial, Calif. 
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« Fig. 10— %4-ton and tracks at Camp Seeley a Fig. || —M4-Al on test course 


technical personnel assisting with this work H.C 
| the Appendix to this paper. 


h this cooperative work, the requirements of the 


cle fuel systems and the requirements of the fuel have 
Mebeen established for extreme high temperature operation 


. Baldwin, Continental Oil Co.; M. M. Balmer, Con 
tinental Motor Co.; C. F. Becker, Tide Water Associated 
Oil Co. (Associated Division); D. L. Berry, Shell Oil Co.; 
A. J. Blackwood, Standard Oil Development Co.; K. Boldt, 
Pure Oil Co.; H. W. Bottger, Continental Oil Co.; L. D. 
nd same time a vast amount of valuable data have Boyce, Carter Carburetor Corp.; C. S. Bruce, National 
umulated relative to the operation of the vehicles Bureau of Standards; F. C. 
re operating conditions. J. 


Burk, Atlantic Refining Co.; 
M. Campbell, General Motors Corp.; R. R. Couch, 


Phillips Petroleum Corp.; H. H. Donaldson, Gulf Re 
APPENDIX search & Development Co.; W. E. Drinkard, Chrysler 
Corp.; J. O. Eisinger, Standard Oil Co. (Indiana); F 


© Industry Representatives Participating in the Tests fIiot. Fthy) Comps FL Box, Gicneral Motors (Overseas 


Operations; C. W. Frankenfield, Tide Water Associated 
R. E. Albright, Socony-Vacuum Oil Co.; L. E. Baker, Oil Co.: W. K. Franklin, Shell Oil Co.; R. E. Gish, Ethyl 


Co.: G. C. Baldini, General Motors Corp.; R. J. Greenshields, Shell Oil Co.; J. G. Hall, Pure 
s Operations; M. S. Bald, Continental Motor Co.: 


Seabee 3 


re, 


concluded on page 119 
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a Fig. 12—Diagram of fuel system of !/4-ton, 4x4 before and after approved fix 
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NALYSIS of engine cooling failures indicates 
the need for a special study of the automo- 
tive cooling system from the standpoint of de- 
sign and construction, as well as of maintenance. 


Mr. Green carries out such a study here, dis- 
cussing, in turn, the factors entering into each 
type of failure. 


THE AUTHOR: D. H. GREEN (M 738) has been 
ciated with National Carbon Co., Inc., since 1919, where he 
IS NOW service manager of the Cooling System Products Divi 
sion. Mr. Green, active in transportation and maintenance 
activities of the Society, is a member of the SAE-Ordnance 
Vehicle Maintenance Committee on Limits and Tolerances 
for Replacement of Parts and Units, and of the SAE War 


asso 


Engineering Board Antfreeze Committee. He has also 
been chairman of the SAE-ODT Cooling System Main 
tenance Committee 24, as well as SAE-Ordnance Mainte 
nance Committee on Cooling System Maintenance 


LEET operators are becoming more cooling-system con 

scious lately, with their thinking projected to future 
design, as well as focused on maintenance problems in 
present equipment operating under war emergency condi 
tions. In this paper, we will look at the cooling-system 
maintenance problem from the end point of engine cooling 
tailures, and attempt to classify them by causes, on a per 
We wi 


ol 


1 
} 
L 


centage basis. also attempt to evaluate the rela 


ve maintenance 


Importance as well as factors 


construction, with regard to 


factors 


of design and their effect on 


cooling-system operation. Let us look at the 


maintenance 
roblem first. 


m Maintenance Problems 


Ref 
V\eierence 


be found 


background on the problem in general can 
in another paper on cooling-system maintenance.! 
lable 1, listing principal causes of failure and showing 
their th 


from information obtained in TOL 


frequency in per cent of total, was developed 


) systematic field investi 
gations by a group of 25 cooling-system maintenance spc 
cialists at widely scattered points over the country during 
the year ending April 1, 1941. The breakdown of failures 
in the table follows the pattern of failures investigated 
curing the previous 10 years, and we believe it to be fairly 
representative of cooling-system conditions in general with 
respect to the relative prevalence of contributing causes. 
\ large majority of the failures investigated took place 
during cold weather, and a 


( aused by 


number were 
restriction in the radiator core result 
ing from failure to install or maintain adequate antifreeze 
protection 


considerable 
slush ice 


A critical discussion of cooling-system maintenance prob 
lems would not be complete without giving full credit to 
the automotive industry for the outstanding progress in 
design and construction, for more efficient dissipation 
the heat load 


of 
which has increased proportionately with 
the sharp step-up of engine performance in recent years. 
It should also be acknowledged from the standpoint of 





{This 


was presented at the SAE National Transportation & 
Maintenance Meeting, Philadelphia, June 29, 1944.} 
1See SAE Journal, Vol. 52, January, 1944, pp. 25-38; Fel 


pp. 29-37: ‘“‘Cooling-Svstem Maintenance.” 
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Factors of Design age 
COOLINGRY 


maintenance, that present-day cooling systems can tak 
lot of neglect before complete breakdown, and too oft 
they are treated accordingly. Generally speaking, preve 
tive cooling-system maintenance has never been up 
(Ana 
1941, whist 
believe, might be classified as normal, indicate 1 
certain of maintenance directly 
cooling-system operation, indirectly affecting performar 


standard of service for other units of the vehicle. 
of failures for the year ending April 1, 


essential items aftect 
as well as cost ol 


plant. 


operation and maintenance of tl 


m Rust Clogging 
By referring to Table 1, it will be seen that cli 9 
the cooling system caused over 14% ot the failure S inve 


gated, in spite of the fact that radiator rust clogg 


be avoided. all standard antifr 


products have contained corrosion inhibitor, and { 


For a number of years, 


weather driving, inexpensive inhibitor preparati 


generally available which will retard effectively 

rosive action of water tor long periods of use. Ther 

pears to be little justification for overheating difficulty [1 s 
rust clogging of the cooling system, but this 


continues to exist. The total cost of 


liness-neglect, in that twill 


cooling-systen 


ht zone of chronic o 


y 


Table 1 — Analyses of Cooling-System Failures 
For the year ending April 1, 1941 


Number of failures investigated 1616 
Passenger vehicles 1485 
Commercial and industria! vehicles 131 
Number of service engineers reporting 25 


Contributing Conditions Per Cent of Tota 
Clogging ; 
Corrosion damage 
Thermostat failure 
Combustion gas leakage 
Internal coolant leakage 
Cracked cylinder head or block 
External leakage—-water-jacket joints 
External leakage—-radiator and heater 
External leakage—water-pump shaft 
External leakage—hose and hose connections 
Insufficient antifreeze protection 
Inaccurate antifreeze testers and testing 
Overfilling 
Low coolant level 
Air suction into system 
Thermal surge and pumping over 
Foaming 
Air trapped during filling 
Miscellaneous 
Undetermined 


_ 


_ 
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YSTEM MAINTENANCE 
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be ' nt clogging and final breakdown, probably 
known. 

s of cooling-system deposits show them to be 
ide up of iron rust, water scale, and grease, with 
comprising over 90% of the bulk. Examination 

jackets of new vehicles in storage reveals that 
itinsulating films of rust scale may develop before the 
put into service. Without effective rust preven 
ig vehicle operation, cooling efficiency is slowly 
tinuously lost as the rust scale grows thicker in 
loosened and car 


radiator core by coolant circulation. 


jacket, and at the same time 
rience with a clogged radiator, followed by over 
ind engine failure, teaches a lesson of its own. 
would like to emphasize is the need for more 

ation on the prevention of the progressive rust condi 
ch retards heat transfer in both water jacket and 

tor, bringing about a long period of mild chronic 


ng in the hottest areas of the water jacket, before 


r is completely clogged and the final acute phase 
iting takes place. 


u Preventive Cleaning 


dic cleaning of cooling-system deposits which 
lowly with high mileage under the best of con 


entive cleaning should be performed periodi 


ror CTic 


need for preventive cleaning can be determined 

ondition of the coolant. To remove adherent 
he water jacket and radiator, rust-solvent clean 
tions of the sodium bisulphate or oxalic acid 


Without 


ing, requiring partial disassembly of the cool 


the use of such a cleaner, 


CCeSsa#ry. 


1 


Ss a waste of time and money, since flushing 
only the loose deposits. Alkali cleaning mate 
10 dissolving action on rust and therefore will 
hard adherent scale. Judging from some cur 
iture on cooling-system cleaning, this fact should 
nerally known. Acid cleaning should always be 
th a neutralizer solution to end all action of 
uined cleaner. 
system cleaning on the chassis may not be effec 
radiator is left uncovered during the cleaning 
Because of low heat output .with the engine 


thout load, the thermostat valve 


} 
ed 
U 


may remain 


, and in cool weather may cut off practically 


This 


x cleaning solution through the radiator. 


rticularly to systems with coolant bypasses. 
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w Cost of Cleaning versus Rust Prevention 


To put oft the need for cleaning as long as possible, 
cooling-system deposits should be kept down to a mini 
mum. This can be assured only by maintaining full 
strength corrosion protection with water, and by using 
properly inhibited antifreeze, replacing both when a rusty 
condition of coolant indicates inhibitor exhaustion. Dis 
regarding the benefits of maintaining full cooling efficiency, 
there should be no question about the cost of rust preven 
tion as compared to cleaning. Even the simplest preventive 
cleaning procedure involves the expense of cleaning mate 
rial, engine fuel, and usually more than one hour’s time 
On the other hand, a small dose of inexpensive rust preven 
tive added to water, which will retard the normal rusting 


action of water 95°, takes only a minute to install 


m Corrosion Damage 


Choppy. 


To the 14% of cooling failures caused by rust 
add another 4°° for replacement or repair of expensive 
parts damaged by corrosion, and we have a total of more 
18‘ < 
least, to neglect of rust prevention 


he caused Ly 


than of all failures that may be charged, in part at 


Thermostat tatlure, 
contributing another 214°, can embrittle 


ment or perforation of the actuating unit by corrosion 


m External and Internal Leakage 


Neglected leakage was discovered in over 45“ of the 
Over half of the leakage 
The 


water pump shaft, hose, and wate! jacket joints al 


investigated failures. points were 
adiator, 


ranke d 


external and could have been observed 


{ 
i 
! 
| 
I 


uniformly high in leakage. Prevention of coolant loss and 
shortage from external leakage can be avoided only by the 
regular practice of leakage inspection and equally impor 
tant by the prompt correction of leakage in the early stages 
How often leakage inspection should be made depends or 


the particular cooling system and type of vehicle service. 


m Internal Leakage of Cylinder-Head Joint 


Field investigation uncovered internal jeakage of the 
water jacket in 20° of tue total failures, divided three 


fourths to combustion gas leakage into the cooling systen 


and one-fourth to coolant leakage into the engine. Defe« 
tive cylinder head joints accounted for most ot the interna! 
leakage, although cracked heads and blocks contribute: 
about one-sixth of the total water-jacket leakage Internal 


leakage is more difficult to detect, and generally more dan 


gerous. <A practical test for internal leakage of the water 
jacket can be made without any special tools, DY the lO 


lowing: (1) Disconnect the pump drive, (2) open the cy 


I 
inder-head-coolant outlet, ( 2) remove thermostat, (4) pou! 
water 1n the radiator until water jac ket overflows, ind ( 
with engine running, watch for bubbles or rise of coolant 
in the outlet opening, before boiling Starts 


Although torque may not always be a dependable guide 


to cylinder head-bolt tension, because of variations in thread 
friction, the value of a 


rt he ck on the 


and abutment torque indicating 


wrench as a visual mechanic’s ability t 


“feel” the tightness of a bolt or nut, in our opinion, can 
to determin 


denied. In a test of 150 mechanics 


] 


not be 
the dependability of their sense of feel for uniform tighter 
ing of cylinder-head bolts, each man was given the oppor 
tunity, with an ordinary wrench, to tighten five bolt 


56 ft-lb, as recommended for the particular engine 


check ol the mechanics’ sense ot feel, with a torque indicat 
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ing wrench, revealed a variation in torque from 240% on 
the high side to 50% on the low side. Best tightening re 
sults with the mechanic’s favorite wrench showed a differ 
ence of 14 ft-lb between high and low readings. 


ws Water-Pump Leakage 


Water-pump shaft leakage, accounting for one failure in 
every 16, will permit air to be drawn into the coolant at 
higher pump speeds. Excessive aeration of coolant can in- 
crease rusting of iron as much as 30 times. Slight chronic 
leakage of the water-pump shaft seal and the cylinder-head 
joint go hand in hand with corrosion and rust clogging. 
Air suction into the system at any loose joint on the low- 
pressure side of the pump, including the shaft seal, also can 
cause coolant overflow and overheating. 

Air suction and combustion gas leakage tests should be 
made whenever overflow losses cannot be explained, or 
when the coolant becomes rusty in a comparatively short 
period of time. To test for air suction into the system, attach 
a rubber tube to the overflow pipe and insert the free end of 
the tube in a bottle of water. With the engine running at 
safe high speed, and with the coolant temperature stabil- 
ized, look for air bubbles in the bottle. In the absence 
of combustion gas leakage, air suction into the system will 
be indicated by a stream of air bubbles in the bottle. 


m Hose Connection Leakage 


Going back to Table 1, it will be noted that nearly 7% 
of the total failures were chargeable to defective hose con- 
nections. Two-thirds of all hose leakage was caused by 
loose clamps, and one-third by failure of the hose itself. 
Some of the hose leakage might be attributed to the me- 
chanic’s failure to tighten clamps following installation of 
ethylene glycol solution. With a little looseness already 
existing in the clamp, a water-soaked hose lining may 
shrink slightly in the loose joint, following the antifreeze 
installation, and possibly cause more leakage. 

To investigate the problem of cooling-system hose de 
terioration, a laboratory test was made in 1939 of 101 
different brands and grades of radiator and heater hose. 
Short sections from each hose sample were connected to- 
gether with pipe nipples and clamps to form a circulating 
system. In a number of duplicate systems, water and vari- 
ous antifreeze solutions were heated to 160 F and cir- 
culated in a manner simulating cooling-system operation 
until failure from leakage or clogging took place. The test 
established that hose failures were primarily related to 
composition and fabrication, and not to type of coolant 
used, also that indiscriminate selection of hose without 
regard to serviceability in the cooling system can result in 
a wide variation in service life between different grades, 
which can fool a mechanic badly if he neglects inside in 
spection of hose connections. 


m@ Radiator Leakage 


Radiator and _ hot-water-heater leakage accounted for 
over 8% of the total cooling failures. Over seven-eighths 
of the leaks were found in the metal seams and joints 
of the core, tanks, and connections, and less than one 
eighth were caused by corrosion perforation or breakage 
of metal in the water passages of the core. Corrosion 
inhibitors help to reduce both types of failures by retarding 
embrittlement of the metal and subsequent breakage by 
temperature stress, shock, and vibration. 
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@ External Leakage of Water-Jacket Joints 

Outside leakage of the water jacket caused over 4% art 
the failures. One-fourth of the water-jacket leaks we, y 
found in the thermostat housing joint, which is often « yst 


jected to excessive strain and vibration. The other thre ne 
fourths of the jacket leaks were found at the cover oles In 
drain closure, pump-housing joint, cylinder-head stud \ 
and oil lines. Pumping pressure and stress from wide ten hat 


perature variations in the engine, especially during , wou 


weather, aggravate water-jacket leakage. Suitable nop nd 
hardening gasket cement in water joints will reduce act 
corrosion and leakage tendency, and also facilitate remoy; yst 
f the part. he 


m Insufficient Antifreeze Protection 








Cooling failures associated with freeze-ups accounted {y iN 
nearly 13% of the total. Although a protection table : 
furnished with standard antifreeze products, and cooling 
system capacity data are made available by vehicle man 
facturers, investigation revealed that insufficient protectio; 
had been installed in two-thirds of the freeze-up cases 
the other one-third, inaccurate testing of antifreeze x 
sulted in the protection not being maintained. Antifreez 
testing difficulty may be broken down between incorte 
reading of the tester and inaccurate, damaged, and dir 
instruments. Testers should be checked periodically {x 
accuracy with a solution of known freezing protection 














= Coolant Level Irregularities 


Coolant shortage and conditions contributing directly | 
overflow loss were reported in 14% of the failures. Amon 
causes of overflow loss were overfilling, air suction, therm 
surge, pumping over, and foaming of coolant. A clo 
check on coolant level would have uncovered all the 
conditions. 


m Miscellaneous and Undetermined 


Worthy of mention in 344% miscellaneous causes 
failure, are improper use of radiator covers and breakag 
of valve springs, the latter associated with internal coolan' 
leakage, and crankcase condensation from “cold” engin 
operation. 

In the final 3'4% of failures the cause was reported # 
undetermined. 


m Practical Approach to Maintenance 

We believe the most practical approach to cooling): 
tem maintenance is through the medium of coolant insp 
tion: (1) coolant level, (2) coolant temperature, and 


coolant condition. With better understanding by the drive 


and mechanic of the full significance of these three sin 
inspections, a starting point can be set for systematic p! 
ventive maintenance, which, with the least amount of U0 
work, and expense, will anticipate overheating and ove! 
cooling difficulty from any cause, and will also avoid t Hi 
gradual loss of cooling efficiency from rust formation. Ma! & 
expensive failures are caused by the simplest irregularit Ri 
that could have been detected by this three-way cools 
check. When inspection of coolant temperature, level, 
condition reveals the first sign of irregularity, then a p! g 
cedure for systematic trouble shooting should be foilow 
which will get to the cause with the least amount of ©’ By 


assembly and effort. A practical trouble-shooting procedl" 
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been submitted to U. S. Army Ordnance De- 
the SAE-Ordnance Vehicle Maintenance Com- 
r&M Activity, in a report titled “Cooling- 










hr s atenance of Military Motor Vehicles.” An out- 

Ma ne for diagnosis of overheating and overcooling may be 

a ‘und in the article previously referred to." 

a We think it can be stated without fear of contradiction 
hat if water were as expensive as lubricating oil, there 





ld nore attention paid to coolant level control, both 
n design and maintenance. With evaporation a very small 
olant loss, the best indication of proper cooling 










¢ wal ndition is a coolant level that “stays put.” On 
. he other hand, the need for frequent or unusually large 
sdditions of coolant to maintain proper liquid level is one 

earliest signals of impending trouble. As a sensitive 

ndicator of cooling-system condition, the coolant level may 





WM. called the focal point of preventive maintenance. Daily 














le: HIME nspection of coolant level ranks in importance with inspec 
lin ‘on of fuel and lubricating oil, and preferably should be 
lan Bade at minimum driving temperature, but with the en- 
ct See ine sto] ped. 

© Coolant temperature inspection simply calls for habitual 
tt Miohservation of the engine temperature gage by the driver 
eet Mduring vehicle operation. However, for the driver to be 
ric Hmpressed with the importance of the temperature gage 
dit) reading, it must be dependable and the driver should be 
) 0 provided by the manufacturer with the maximum and 
. HP minimum safe operating temperatures applying to the par 

Mricular vehicle. 

H) Inspection of coolant condition weekly will be found a 
ly » mecependable guide for rust prevention and cleaning services. 
non Mtarting with a clean cooling system, the regular practice 





of corrosion prevention, prompt replacement of rusty cool 





nt, and preventive cleaning, will go a long way towards 


al 





Bp maintaining all the cooling capacity originally built into 
H the system. A certain amount of experience and judgment 
eis required to determine the proper replacement point of 
Py rusty coolant. With some inhibitors, fresh coolant installed 






















e gf a dirty system. will become rusty prematurely, due to 
kace ME COSI of existing rust, although the coolant itself may 
re ” giving adequate corrosion protection. Check of 
cine Mm cooant condition during the winter season of course in 
© BBS cludes testing of antifreeze weekly, or at any time there is 
4 a reason to think the system may not be properly protected 
m @gainst Treezing. 
4 Design and Construction 
- 2 Of course the automobile cooling system can be im 
a @ Proved—but who will pay the cost, and will the mainte- 
ES nance and operational benefits be worth the cost? In the 
. x tollowing discussion on design, construction, and possible 
‘ By provement, the writer pleads ignorance of how to do it 
| will gladly leave that task to the designing engineer. 
ae 
fo! 
© ® Radiator 
dp e Many fleet operators believe that certain modifications 
fan) ie and rovements in design and construction of the cool- 
n me 2 n would reduce materially the cost of mainte 
u 8 No doubt a higher standard of maintenance would 
icouraged, particularly coolant level maintenance. 
in present designs, coolant level control would now 
we Ve 





ible, if the proper level and the temperature at 
check the level were always specified by the 
anufacturer for guidance of the driver. In other 
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designs, inspection of both coolant level and condition is 
tound ‘difficult. In the most extreme cases, notably some 
cab-over-engine and rear-engine designs, the system is gen 
erally overfilled before the coolant level is visible or acces 
sible to inspection. With overfilling a necessary and 
regular practice, any rise in coolant level during or follow 
ing vehicle operation from thermal expansion of coolant, 
after boil, pumping surge, stopping of vehicle, or place 
ment on a downward incline can only result in continual 
overflow loss of coolant and repeated overfilling. Even in 
less extreme cases, the vertical distance from the first ob 
servable liquid level to the overflow opening is so small 
that maintenance of coolant level without overflow loss 
must be regarded a supercritical operation. 

If a attendant make a choice 
between overheating from coolant shortage, and overflow 
loss from overfilling, naturally he will overfill. We have 
no doubt that this situation is responsible to a large extent 
for the widespread habit of overfilling. If the radiator is 
continually overfilled, coolant level inspection will be of 


driver or service must 


little value as an indicator of cooling-system condition. 
Overfilling with water weakens antifreeze and corrosion 
inhibitor protection. Furthermore, large additions of water 
for any reason will help to build up water-scale deposits, 
which, like rust, interfere with heat 
engine. 


transfer from the 

In some vehicles, redesign or relocation of the radiator 
top-tank baffle would provide the needed visibility and 
accessibility to coolant level through the filler neck open 
ing. In others, redesign and relocation of curved and offset 
filler necks would be desirable. To improve coolant visi 
bility at a lower level, the offset type of filler neck no doubt 
could be located at a lower point on the side of the top 
tank, in some models. 

Thermal expansion is the largest normal factor in the 
coolant level maintenance problem. To prevent overflow 
from thermal expansion, considerable extra cooling-system 
capacity beyond requirements of coolant volume is pro 
vided in design. Thermal expansion of commonly used 
antifreeze solutions is slightly greater than that of water 
and, in addition, antifreeze solutions are subjected to much 
greater temperature ranges in service. 

For example, a solution of ethylene glycol and water 
protecting to —30 F will expand approximately 6% when 
heated up from --20 F to 180 F, while methyl and ethyl] 
alcohol solutions giving —30 F protection will expand 
about 744% and 9! %, respectively, in the same tempera 
ture range. In terms of volume, this means a_ possible 
maximum increase of nearly 2 gt in 5 gal of solution. 
From the standpoint of coolant level maintenance, any 
study of redesign in the radiator should give consideration 
to increasing reserve capacity in the top tank, if necessary, 
to provide amply for maximum thermal expansion and 
other operational factors involved in the overflow problem. 

A study made of certain passenger-car models has re 
vealed that, during higher driving speeds, air entrained in 
the coolant from turbulence in the top tank, with the 
thermostat removed, can amount to more than 1% of the 
total liquid volume, also that aeration increases sharply 
with drop in coolant level below a certain point. See Fig. 1. 
Since aeration speeds up corrosion, lowers cooling efh 
ciency, and aggravates overflow losses, the need for im 
proved baffling to reduce coolant turbulence in the top tank 
is indicated in some cases. 

The radiator inlet fitting should be as large as pract: 
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level in radiator 


cable and should be designed so as to reduce the velocity 
of the coolant entering the tank and to spread the coolant 
evenly over the top of the core. To reduce turbulence 
further, depth of top tank should be great enough to per 
mit locating the inlet sufficiently low in the tank to be 
covered with coolant at the minimum safe level. Another 
reason for suitable top tank depth is always to provide a 
head of coolant over the top of the core that will prevent 
air suction down through the water tubes. 

Fleet operators find that a petcock located on the side of 
the radiator top tank to facilitate coolant level inspection 
and to avoid frequent removal of the radiator cap will 
have a pronounced effect on reducing both overflow loss 
from overfilling and also overheating from coolant short- 
age. A liquid sight gage connected to the top tank and 
mounted on the outside of the vehicle for quick inspection 
of coolant level also has been successfully used. A vehicle 
commonly regarded as a coolant “hog” will suddenly 
become thrifty with coolant through no other modification 
than installation of a coolant level petcock or sight gage. 

To realize the fullest possibilities of coolant level main 
tenance, we would urge that the factory specify a standard 
coolant level and also the temperature at which to check 
the level, for guidance of the maintenance man with the 
filler bucket. The temperature established for the 


standard 
level should be no less than about roo F 


or the minimum 
temperature indication on the engine gage, and preferably 
minimum safe operating temperature. But, even with a 
standard, visible coolant level, there still remains the prob 
lem of habitual overfilling, and this brings up the need for 
filler neck design which will automatically control the level 
regardless of any attempt to overfill. 

lo minimize air suction down through the water tubes 
of the radiator and at possible leakage points on the low- 
pressure side of the pump, the gravity flow in the radiator 
core should be as close as practicable to the pumping capac 
ity. The bottom radiator tank, outlet, and coolant line to the 
pump, should be designed with minimum restrictions to 





avoid excessive pump suction at these points 
collapse the lower hose or cause vapor binding in th 
at high operating temperatures and speeds. 
Maintenance cost and cooling failures would | 
if the radiator as a whole could be designed or construc 
with greater mechanical strength, especially at the sea; 
joints, and mounting attachments, or if the radiat 


ae 
liator ¢ 








red 





be mounted to protect it better against strain, shock, 


vibration. All suggestions on radiator design ar 





€ 





with the full appreciation of the necessity for adequ 
cooling capacity under any load and speed within 
rating of the vehicle. 





m Water Pump 


Design engineers of course are fully aware of 
sirability of minimum pressure drop at the inlet side of} 





pump, from the standpoint of pump performance. Anoth 





benefit, from the standpoint of maintenance, would } 





reduction of air suction tendency at the water-pumy 
The so-called packless type of pump shaft seal has, 
believe, considerably reduced leakage maintenance. 0 
other hand, when the nonadjustable seal does fail, th 
must be rebuilt or replaced. If coolant leakage at the pur 







shaft is small, rebuilding or replacing is often delay 






because of the cost, with the result that many packless-t 
pumps are found sucking air into the system for 
siderable mileage before needed overhaul is taken car 

Common causes of packless pump failure are deter 
tion of the flexible shaft seal, wear of the thrust-wast 
seal, notching of the thrust-washer guides, and corros 
the pump shaft and thrust-seal compression spring. R 
the coolant will accelerate wear of thrust washer and s 
if there is any leakage at the seal. Excessive rust and 
on the pump shaft may interfere with free movem 
the thrust-seal compression spring. 













A laboratory test of used packless pump seals of one ' 





showed that a loss of spring pressure on the thrust se 
amounting to over 25% can take place with 1/16-in. we 
in the seal face. See JTable 2. Reduction in thrust-s 
pressure and rust particles under the seat will incr 
coolant leakage and air suction tendencies with ¥ 
thrust washers. Coolant inhibitors are reported to reliew 










the problem of rust and corrosion in the water pump, 





corrosion-resistant pump shafts, and pump design wh 





protects antifriction bearings against shaft leakag 
highly desirable. 











Greater ease of pump removal would no doubt 
age earlier overhaul and thus avoid shaft-seal leakage 
air suction of long standing. Any redesign of the 
driven pump might also take into consideration bett 
accessibility of the shaft for leakage inspection. Th 


of leakage in many pumps is now covered by th 




















pulley, and inspection for leakage must be made on ! 
underside of the engine or wherever the coolant happ 
run or drip, after leaking out. 

















Table 2 — Loss of Compression-Spring Pressure on Water-Pump 
Thrust Seal with 14.¢-In. Increase in Spring Length 
(Used Springs) 











Compression Force, Ib. 










Spring No.1 Spring No.2 Spring No.3 Spring No 
Compression of Spring Clean, Slightly Clean, Dirty 
from Freo Length, in. shiny corroded shiny asy 
546 (Normal range) 4.9 5.0 6.4 5.4 
4/46 (Normal range) 3.7 3.3 4.5 3 
3/6 ('Ae-in. seal wear 2.9 1.7 2.7 § 
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Ene Temperature Control the radiator cap, and locating them where limitauon of 


room is not so critical. Also needed is suitable shop equip 


ers have gone on record with the complaint ment for testing pressure valve operation. 


nt type of engine temperature control fails to If the engine of the future is to operate at cooling-system 


quate operating temperatures in multiple-stop 


\ 


temperatures above the atmospheric boiling point of th 


» 2 . 1 
Coordinating Research Council group has coolant, the need is indicated for more dependable contro 


smmended, among other corrective measures, 


of pressure, for further strengthening of the system to 
operating temperature of 4160 F or higher, to 


withstand intermittent steam pressure, and for improve 


ngine oil sludging. High-opening thermostats ment in design and construction of water joints so as to 


tatically controlled bypasses around the radia make them more permanently pressure-tight with a modi 


monstrated their value for quicker and mor cum of maintenance. 


sine warmup without local boiling in the water 

perature control failures could no doubt be - Cooling-System Water Joints 

making the thermostat more rugged. On the 

| better appreciation by the maintenance man Even in the conventional nonpressurized system, the 
ronce of Geecseaiees tetniinis dad wine den maintenance man is plagued by leakage. In addition to 
iodic testing of thermostat operation would go possible improvement in water-joint design and construc 
» towards improving engine temperature control tion, maintenance no doubt could be benefited by the 
lav vehicles. selection of gasket and hose material on the basis of quality 


: and suitability as well as first cost. 
loss of coolant following heavy driving and ' 


wo . TI roble f cy »r-hez oint leakage appears t 
ng the engine, a condition associated with the : I : problem of cylinder-head j int leakage apy _ 
dissipating residual heat in the block. is another iave ept apace of improvements in engine output 1¢ 


, : : lesign of the cylinder-head gasket and the selection of 
fleet operators. From a maintenance stand oe nc matey ; ' 


: ; gasket material to obtain the best combination of hardness 
h can be done to alleviate overflow from after E ’ 
tion of rust and scale deposits in the water strength, flexibility, and heat-transfer properties is a prob 
eventuiol I “ ale = < > 7 _ 
l, the use of corretion inhiecs. and theonah lem of the design and production departments. We do not 
on ¢ 1s C 9 < Bh , 
wentive cleanins. Petter control of conlent dis question that plenty of time and effort have been expended 
Ventive Cies gv. le c : 


1 ’ 
. . Cc . on the problem ot sealing 20-0odd water joints w ith a single 
the water jacket either through modification ’ , a , ) , 
| : gasket subyecte ‘ontinually to extreme hanges in tem 
lesign or by further use of distribution tubes, 5 ee sie. 


1] | ae , —, perature and dynamic stress. However, any further im 
fles, and so on, would no doubt be beneficial in 


i i i 
‘+ | ] rovements should be welcomed by vehicle operators, sinc 
r-boil overflow losses. and should impro\ 


_ +, 9 ] 1c + spor 17 ' ] Lacy ) 
ind valve lubrication by better temperatur irst —a sign oO wnternal coolant leanave Ss tor 
, often a disabled and damaged powerplant. Internal leakage 
these points. | 1] wee ] ] 

7 | of coolant is generally preceded by leakage of combustior 

coolant flow and airflow by engine speed 


: gas into the cooling system. Combustion gas leakage in 
ive much to be desired in present cooling-system 


appreciable quantities may be detected through routine 


\\ 


With the present type of thermostatic control, parts 
wine are either tod hot or too cold under certain 
conditions. Variable-pitch fan blades or thermo 
ntrol of pump and fan speeds by water-jacket 
ture should be beneficial for engine temperature 


Inspection ol coolant, but positively to check slight leakage 
in the early stages and before damage takes place, th 
coolant outlet of the engine must be opened, the thermostat 
removed, and the pump drive disconnected to make th« 
combustion leakage test, all of which takes time and adds 


both on the low and the high side. Considering : 
é : tu the burden of maintenance. 


ems of low and high temperature lubrication, the ’ 

ae Possibly, something further could be done in design of 
complications of full thermostatic control ot “ly 

ea . : : the cylinder-head joint and the location of the studs or 
ing possibly might be justified. ; a : 

. bolts to minimize distortion ol cylinders and other parts 
® Closed Cooling System from improper bolt tension. To make head leakage main 
tenance less critical, drilled-through bolt holes should b« 
avoided wherever possible, and clearance between the bot 
tom of the bolt and the hole should not be so small as to 


E1 rs have often suggested that somebody should 
liquid with the heat-transfer ability of water, but 

igher boiling point, and thus provide a greater require constant vigilance in order to keep the hole entirely 
safety between efficient engine operating tem tree from accidental deposits that might cause bottomin 


s and coolant boiling point. In the meantime, an of the bolt. The problem of inaccessibility of cylinder-head 


being made to the same results, by installing a 


j 


bolts to proper tightening with a torque wrench should 
also be mentioned, especially the bolts at the rear of th 


valve, designed to keep the system closed until a 


ire i cee as sata ; . , 
sure is reached, in order to prevent overflow head in many engines, and also certain bolts surrounded by 


er-boil, surge, and so on, that may raise the accessory mounting obstructions, requiring special wrencl 
™ ; ' 
el to the overflow point. adaptors and extreme contortions on the part of the m 


trol valves are located in the small confines chanic. When angular adaptors must be resorted to, the 
itor filler neck and the valve assembly is hur 


a 


g false indication given by the torque wrench is, of course 


i 

idiator cap. The compact, enclosed assembly worse than useless. 
ection and cleaning very difficult. Corrosion 
ty interfere with valve operation, and disassem 


Inaccessibility of water joint and hose connections to 
inspection, tightening, and replacement seems to be a 
icing is not practicable because of stamped and justifiable complaint of the mechanic. 


The trend towards 
struction. Possible improvement in design 


short hose connections and close couplings appears to be on 


with divorcing the pressure control valves from the increase, with the maintenance problem reaching acute 
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m Fig. 2-Corrosion of distribution tube in engine 
water jacket 






stages at the lower hose connection. To remove some hose, 





they must be cut off or otherwise destroyed, and a short 
lower coupling between radiator and water jacket discour 
ages pressure flushing, an essential operation following the 
use of cleaning solution in a rust-laden system. Some 
water-jacket joints are completely hidden as well as practi 
cally inaccessible to maintenance, because of accessory or 
other obstructions, the removal of which may be more 
expensive than the joint repair. In one particular case, 
replacement of a hidden water-jacket cover-plate gasket 
carried a charge of $10, according to the statement of a 
service statlon manager. 




















Maintenance cost to correct plumbing leakage could be 
reduced by improved hose clamps and by the more careful 
selection of hose from the standpoint of resistance to swell- 
ing, hardening, and shedding of the inside liner. Excessive 
internal swelling is particularly undesirable in the smaller 
size hose on hot-water heaters. 





Fabric reinforcement in 
water hose gives insurance against complete rupture during 
old age, and sudden loss of coolant. Considering the 
difficulty of removing some hose and also the need for 
inside inspection of hose after a period of service, the best 
cooling-system hose that money can buy seems entirely 
justified. 











m= Cooling-System Drain Openings 





Cooling-system draining is generally cursed with an 
exasperating delay or blessed with a long rest period, 
depending on the way you look at it. Larger drain cocks 
and water-jacket drain plugs up to r-in. diameter would 
greatly expedite draining, cleaning, and flushing. Several 
large drain plugs, suitably located in the water jacket, 
would give needed accessibility when heroic methods are 


required to remove heavy rust deposits from the bottom of 
a heavily laden jacket 











Servicemen now resort to removal 






























w Fig. 3-—Corrosion of core-hole plug in engine 
water jacket 





a high-pressure flushing nozzle or scraping tool 
jacket. Future water-jacket design might also elimi 
undrainable pockets in the jacket that may create a { 
hazard with undrainable water and a corrosi 
with undrainable cleaning solution. 


Al 


m Corrosion-Resistant Metals 


ot core-hole plugs and cylinder-head studs in order ; 


NSice + 


A study of corrosion damage in cooling-system p 


recommends to designers that electrolytic couples 


avoided as far as practicable, in selection and arrangen, 
of the different metals. See Figs. 2 and 3. Natur 


< 


metals and metal combinations having the greatest , 
tance to corrosion are most desirable, although regular a 


proper use of corrosion inhibitors will greatly relic 
problem of corrosion damage and rust clogging. Co 
plug leakage would no doubt be less of a maint 
problem if further thought were given to both desi 
metal in the core-hole closures. Consideration mi 
be given to the benefits of increased thickness or 


y 
Ss 


st 


Frequent failure of the bayonet-type filler cay 
corrosion indicates the need for corrosion-resistant 
in that part. The underside of the cap is exposed 


extremely corrosive effect of a hot air-and-steam mixtur 
Since the cap is above normal coolant level, it receives lit 
or no protection from corrosion inhibitors. Unfortunay 


the radiator pressure cap is exposed to the same con 
One outstanding example, where corrosion-1 
metal is almost literally worth its weight in gold, 


water distribution tube, hidden away in the water j 
Corrosion perforation of plated sheet steel tubes has be 
known to cause serious overheating trouble before s 


service station operators were aware of the existence of th 


"Ve th 


re-t 


rn 
a 


nS 


rer 
in some parts as compared with cost, weight, or other 
advantages in connection with corrosion and stress failur 


Possibly this suggestion would apply to the thermostat uw 


n 


t 
( 


tT; 


€Sist 


tube. Removal of the tube for inspection or replace 


requires removal of the water pump and radiator 


tl tube can be drawn all the way out of the water jac! 


Because of the serious trouble that corrosion may 
and the excessive expense of nearly dismantling th 
system to remove and inspect, the water distributio 


COU) 


nt 


should be made of corrosion-resistant material, which 


ensure serviceable life at least to the engine overhaul 


m Conclusion 


The suggestions on design and construction 


eT 


r¢ 


sented for the purpose of stimulating discussion 


thinking along the lines of economy and efhcienc' 


cooling-system maintenance and operation. Non¢ 


suggestions are original with the writer. A numl 


them have already been put into practice in certain ' 

No doubt the value and practicability of all of thet 

received thought and study from the industry as 
To close this paper, perhaps it would be approp: 


one with neither design nor construction experience, 


therefore limited appreciation of these problems, to 
by way of apology, an admission of bewildered P 
her maid, from the “Merchant of Venice”: 

“If to do were as easy as to know what were 
do, chapels had been churches, and poor men’s 
princes’ palaces. I can easier teach 20 what were 
be done, than be one of the 20 to follow muin* 
teaching.” 


quot 


1 


SAE Journal (Transactions), Vol. 53 No. 2 


iUK 


. 








. 
| 

: 
$ 





































































































e Februc 





DESCRIPTION of the structural improve- 
ments made in the Allison V-1710 engine is 
given here. 


In accomplishing these improvements three 
requirements were considered of prime impor- 
tance. These are listed by Mr. Gerdan as being: 


|. Maximum installation and production sim- 
S| plicity. 


2. Interchangeability. 
3. Flexibility. 


THE AUTHOR: DIMITRIUS GERDAN (M °36), who 
th Allison Division, GMC, since 1 
inted chief installation engineer. 


J41, was re 
3efore his trans 
\llison, Mr. Gerdan was located in the experimental, 

in the engineering departments of GMC’s Detroit 
Division. A graduate from the 
in 1932, he 


Engine University of 


was employed in several capacities at 


rior to his connection with the corporation’s 











background to the 
ent problems in the Allison V-r710 engine, a de 

of the two major models which have been in 
tion is in order. 

outbreak of the war in Europe, the necessity of 
g quantity production in modern pursuit aircraft 
ngines led the United States Army and the British Pur 


discussion of certain develop 


» “lasing Commission to order the Allison V-1710 model 


gine shown in Fig. 1. This design, under development 


py °’r a period of years, was an outgrowth of the first engine 


intry to pass the offictal Army Model Test at a 


¢r was presented at a meeting of the 
ndianapolis, Ind., April 20, 1944.] 


Indiana Section of 


1945 





Late Developments of the 
Allison Aircraft Engine 


by DIMITRIUS GERDAN 


Allison Division, General Motors Corp. 


1000 hp. Prior to its adoption for production, 


many questions had been raised regarding its future be 
cause of its inherent lack of design flexibility. 

The internal type of reduction gearing, as shown in the 
engine section of Fig. 2, with a large bearing housed at 
the front end of the crankcase, made changes of reduction 
gear ratio practically impossible for either development or 
production purposes because of the major changes required. 
The overhung pinion at the front end of the crankcase 
constituted a definite limitation on further increases in out 
put of the power section because of the stresses imposed 
upon the front end of the crankshaft. The supercharger 
drive, taken from the reduction gear to the rear end 
through a quill shaft, tended to render the engine sensi 
tive to abuse from overspeed due to the rapid increase of 
supercharger power. An additional disadvantage from the 
design flexibility standpoint was the lack of space pro 
vision on the crankshaft and in the accessory housing for 
an improved type of torsional vibration dampers, which 
were found necessary as extension shafting and higher out- 
puts were demanded. 

Experience prior to the war with the building of ex 
perimental lots of engines for both conventional and, at 
that time, unconventional airplanes which used various 
methods of propeller drives and supercharging led to the 
formation of various rules for future designs to give maxi 
mum installation and production simplicity, interchange 
ability, and flexibility. 
shaft type of engines, the necessity of right- and left-hand 
engine rotation, and of various propeller reduction gear 
ratios all indicated that a major redesign of the Allison 


Special requirements of extension 


engine was required. Accordingly, in 1937 a new engine 
was designed which afforded airplane designers an unusual 
latitude in the disposition of the engine, the cooling sys 
tem, and the reduction gearing. 


the V-1710-E and V-1710-F, were used for various installa 


Two basic engine models, 


tions. 

The “E” engine, shown 1n Fig. 3, incorporates the re 
mote gear box with hollow propeller shaft for cannon use, 
the engine being located behind the pilot and connected to 
the gear box through extension shafting. The “F” engine, 
shown in Fig. 4, is completely interchangeable with the 
“E” from the front face of the crankcase rearward for 
Either or both 
engines are readily furnished with various reduction gear 


any given altitude and horsepower rating. 


95 
















a Fig. | - Allison Model V-!7!10-C-15 engine — side view 






LIOSs, supercharger peal ratios, extension shatt lengths 
ind can be supplied tor pusher propellers without th 
cessity Of a redesign ot the basic et gine. | ig. 5 shows 
1 cross-sectional view of the “F” engine. The flexibility 


ot the “E” and “F” engines may be illustrated by the tact 
t in the three years since these engines first entered 
h'gh volume production, a total of 22 models have com« 
gh volume pr tion, a total of 22 lels have cor 


off the production ne, with as many as seven going 








Phe mode hanges have involved the use of different 
luction gear ratios, revisions in supercharger drive ratios, 
ind a steady increase in horsepower. Superimposed upon 
these have been continuous improvements in parts required 
tor highs uutput operation. These changes have been 


made in such a manner that practically 100% interchange 


1 1 
ibility exXist n order that their advantages can ve applied 


to earlier models. The flexibility in production and in 
lation of the current Allison design arises chiefly from 
omplete separation of the engine into three units, the 
er section, th accessory drive and supercharger SCC 


tion, and thi propeller drive section. 


Fig. 6 shows the power section, which consists essen 
tally of the rotating and reciprocating parts, the static 
cylinder block and crankcase structure, the distributing 
means tor the fuel-air mixture, and the harness required 
for the conduction of current to the spark plugs. Changes 


n type of reduction gear er in the nature of the super 





m Fig. 3—Allison Model V-1710-E engine, shafting 


charging do not affect the 


obtain d 


























m Fig. 4— Allison Model V-1710-F engine — front 














ma Fig. 2-Allison 














Model V-1710-C15 engine — longitudinal section 


box — left side view 



































basic design of this m™ | 
1 BB 
location ot the power section ir ey 
by the suitable use of extens! ‘ 
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and right side (iower) views 
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m Fig. 5—Allison Model V-1710-F engine —longitudinal section 


gear boxes and will give almost any engine and 
lrive combination desired by the airplane de 
me of the variations are shown in Fig. 7, which Qe 
‘E” type drive with several feet of extension 


in outboard gear box fitted with hollow pro 
ft to permit the use of cannon firing through 








The figure also shows the conventional engine 
pur type of reduction gear as provided by the 
Finally, the figure shows an additional com 
which a right-angle drive has been incos 
The provision of complete subassemblies greatly 
the final assembly operations on engines in 


ssory housing and supercharger section of the a Fig. 7— Propeller drive 


hown in Fig. 8. This is a highly compact ar combinations 


of the necessary accessory, supercharger, and 


camshatt drives. The left rear view shown 


locates the various accessory pads and shows the carburetor 


6-Allison Model V-1710 power section — front m Fig. 8—Accessory drive housing assembly — left: left rear view 


view right: right front view 
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m Fig. 9—Crankshaft main bearing journal and crankpin fillet 
stresses in bending as a function of lightening hole sizes 


mounting. The right-hand view shows the Cuno oil filter 
and the outlets of the coolant pump. The accessory drives 
all stem trom the center shaft which is piloted and splined 
to the crankshaft rear member. 

Reversing of all accessories with the exception of the 
coolant and oil pumps takes place by the insertion of an 
idler in the gear train from the central drive and by turn- 
ing end for end, the two bevel gear drives to the oil and 
coolant pumps, respectively. The only additional part re 
quired to build a left-hand engine is the starter dog. The 
splined shaft, as shown in the right front view of the as 
sembly, is the means for coupling the assembly to the 
crankshaft. Due to the range of drive gear ratios which 
are available to the built-in supercharger, provisions can 
be made for either sea-level or high-altitude supercharging, 


or anything between these two extremes. 


I 


The accessory 
\ousing section, when assembled, becomes a complete unit 
ind is quickly coupled to the power section at the rear 
end of the crankcase through the studs provided in the 
latter. The camshaft drives are telescopic in their design 
ind thus are easily assembled to the cylinder blocks. 

The discussion of the development of the Allison engine 
unfortunately cannot cover performance improvements 
made during this war so it will have to be confined to a 
description of structural improvements made to the engine. 
More or less severe limitations on the freedom permitted 
in this development have been present at all times due to 
the fact that mass production tooling for the engine had 
been installed and it was not desirable to sacrifice produc 
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a Fig. 


10 — Effect of surface treatment on bending endurance 
life of V-1710 crankshaft 


tion volume to 
tensive retooling. 

In the change from the “C” to the “E” and “F” mog, 
engines, opportunity was presented to make extensiy 
strain-gage studies of actual crankshafts and of crankshs: 
models in order to obtain shaft proportions having mip 
mum fillet stress concentrations. Since it was not possi 
to change cylinder center distances, the connecting-ro; 
bearing, or the main bearings, about the only problem * 
maining was that of determining the optimum main joy; 
nal and crankpin bores. Stress-coat lacquer and extensox 
eter studies, the results of which are shown in Fig. 9 we 
of great benefit in selecting the best crankpin and jourgy 
bore sizes. 


incorporate improvements requlring 


















Upon the completion of this work, there still remai; 
the necessity of developing a crankshaft capable of wy 
standing the overloading which is the natural accompy 
ment of combat operations. Further, there was also | 
problem of ensuring that the crankshaft would be adequa 
for the power increases which were projected for the 
ture. Accordingly, studies were initiated for the pur 
ot increasing the endurance limit through the use of 
face treatment. Shot blasting with spherical steel shot 
the first method employed. 
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Crankshafts so treated we: 
placed into production early in 1941. 






Incidentally, tt 
the first known application of shot blasting for the pur, 
of increasing the fatigue life of a major aircraft-eng 
part. 

Further studies indicated that nitriding would pro: 
an even greater limit. A great number 
crankshafts were run on a special bending fatigue test 
order to evaluate the effects of various surface treatn 
The results of these tests are shown in Fig. 10, in wi 
plain oil-hardened crankshafts are compared with 
blasted oil-hardened crankshafts and with nitrided cra 
shafts. The basic material was the same in all cases 
may be seen 








endurance 












, the endurance limit increase was the great 
for the nitrided crankshafts. Based on these -results, 1 
nitrided crankshaft was placed into production in the « 

The effects 


this change can be best shown by the fact that no pri 


Wi 







fall of 1941 and has been used ever since. 






failure has occurred as yet 1m service in spite of th 


rf 





boosting which is generally used in combat. 





With further increases in output coming along, st 
were made on 12-counterweighted crankshafts, the origi! 
design having six counterweights. 






In order to decr 
main bearing loads and to reduce the bending moment 
the crankcases, the natural method appeared to be that 
adding counterweights to the six uncounterweight 
cheeks. However, analysis showed that this was not t 
most economical way to add weight, so a change * 
made to the counterweighting disposition, as shown in Fiz 
11, in which the original and the latest design cranksha' 
are compared. In the first design, the counterweight 2° 
were in line with the crankcheek axis, whereas in thet 
design some 









































of the counterweights were skewed for « 
nomical use of material. Fig. 12 shows the effect 
weight and bearing loads of the conventional and 
skewed type of counterweights. It may be observed tl 
for a given crankshaft weight, the skewed type produ 
a greater reduction of bearing loads. Fig. 13 shows ' 
effect of counterweight design upon the crankshaft » 
and crankcase bending moments. 





























Again there is ni 
but that the skewed design is the more economica 














As gas loads were increased, the possibilities ot 
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m Fig. |! -Com- 
parison of six- 
and twelve-coun- 
terweiaht chank- 
shafts 


g-rod design were investigated. After 
inor design revisions were accomplished on the 
rked connecting rod, further studies showed that 
ould be improved by changing from a “V” type 
crotch, as shown in Fig. 14. 
sts were employed to evaluate connecting-rod 
ges on accelerated bench tests. 
onducted at a load of 


The original 
000 lb compression, and 


crotch 


25; 
The life of the improved “V” 


tension, 
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tEnd main bearing 


Intermediate main bearing 


LEGEND 
jCou nterweight QXIS 
\same as Cheek axis 
——=— Skewed 


19 43900 





| Center main bearing 
120 130 140 150 
Crankshaft weight, Ib 





2— Effect of counterweight design on main bearing 


loads — 3000 rpm 


connecting rod was 728,000 cycles. At the same load, 
tailure of the circular crotch type could not be produced 
in 10,000,000 cycles. Accordingly, the load was stepped up 
Under 
this loading, the new design rods failed in about 400,000 


cycles, whereas rechecks on the original type gave a lit: 


to 33,200 lb compression and 16,600 |b tension. 


ot 146,000 cycles. Since shot blasting had proved to be ot 
benefit in improving the fatigue life of the crankshaft, its 
application to the connecting rod was also tried. Again 
it was tound necessary to increas 
the test loads since failures could 
not be produced within ten million 
cycles at the 33,000 and 16,000-lb 
combination. A load of 40,000 |b 
compression and 20,000 |b tension 
was used to test the shot-blasted cit 
cular crotch rod which then had an 

average life of 500,000 cycles. 
Overspeed dive tests used fos 
testing various engine bearings ox 
casionally resulted in a peculiar connecting-rod failur 
after these parts had been subjected to two to four tests 
up to 4100 rpm. These tests were of about 4 hr in dura 
tion. Fig. 15 shows a sketch with the failure nuclei posi 
tions. This failure was puzzling since the nuclei wer 
located at the inner corners of the web, indicating that 
buckling could not be a cause. The first thought was that 
eccentric loading of the rod column, may have produced a 
stress concentration at the inner corners of the flanges 
Strain-gage investigations showed no unusual stress con 
he results of a 


centration to be present. Fig. 16 presents t 
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a Fig. 13 —- Effect of counterweight design on crankcase bend 
ing moments 
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OLD DESIGN NEW DESIGA 


m Fig. 14-"V" and circular crotch fork connecting rods 


typical test of this type. Continued investigation showed 
a severe stress concentration to be present when torsion 
was applied to the rod. Fig. 17 shows the results of a 
test in which the rod was subjected to a torsional load. 

These results led to a design change of the eye end of 
the rod which is shown in Figure 18. Again fatigue tests 
were used to confirm the results of strain-gage investiga 
tion. In these tests a torque sufficient to produce 3-deg 
twist in the rod was superimposed upon a load of 20,000 
lb compression and 20,000 Ib tension. With the original 
design, the average life under these conditions was 590,000 
cycles, whereas with the new design the life was increased 
to 5,500,000 cycks. It has been possible to use these rods 
for as many as 12 high-speed tests without failure. 

In the process of obtaining increased output tor the “E” 
and “F” engines, several early failures of the type shown 
in Fig. 19 occurred in the lower crankcase. The indica 
tions were that main bearing stud tightening loads pro 
duced sufficiently severe stresses in the hand holes as to 
result in a borderline condition when the dynamic loads 
were applied. Strain-gage investigations confirmed the 
theory that the stud nut tightening loads produced rather 
high stresses in the hand hole rim. Further with 


crankcase models indicated that the dynamic stress arose 


tests 


from torsional loads on the cases and that a separation ot 
the static and dynamic stresses was essential. 

The results of a considerable number of strain-gage 
checks led to the use of a counterbore in the lower crank 
case, as shown in Fig. 20. the counterbors 
reduction in the tightening stress in the 
As a part of the general check on stresses 
investigation was made to determine the 
amount of stock required around studs in light alloy cast 
ings. As is shown in Fig. 21, rather high stresses can be 
obtained by having inadequate material in that location 


The use of 
caused a 60% 
hand hole ring. 
in castings, an 
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m Fig. 16-—Effect of compression load eccentricity on stress 


at eye end of connecting rod 


Further tests such as these were used as a guide to prev 
undue stress concentration around studs in aluminum a! 


magnesium castings. 


A change early in 1941 to the interchangeable rather 
than the line-bored type of main bearing led to an inves! 
gation of methods of obtaining equal and uniform st 


ughtening. 


i 


that out-of-round of the main bearing bores would not | 


a 
out of reason. 
Up to this ume, torque wrenches had been u 


ughtening purposes and it was not possible to obt 


; 


form stud loading in a given crankcase or to obtain 


same stud loading on a given stud in two successive 
For example, with all parts to production limits, va 
in stud elongation and, therefore, in stud loads, 

were common. On a subsequent recheck, the vy 
would still be in that order of 50°%, but studs w! 


um Fig. 15—Typical overspeed fatigue failure at eye end of con. 





The projected use of interchangeable mai 
bearings made it necessary to obtain stud tightening du: 
ing the final assembly operation that was a close duplicat 
of that used for the crankcase boring operation in © 
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49,600 LBS SQ. IN~ 


7 — Effect of torque load on stress at eye end of con- 
necting rod 


| 
OLD DESIGN NEW DESIGN 


18-Design change of eye end of connecting rod to 
avoid stress concentration due to torque 


19—Typical failure—early design crankcase 


heck had a low value elongation were quite apt 
the highest figure. It was obvious upon investi 
other methods of tightening, that the most ac 


ipproach was that of measuring the actual stud 
Nn. 


y, 1945 





NEW DESIGN 


m Fig. 20 -Lower crankcase—main bearing stud counterbore 
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® Fig. 21 — Effect of amount of metal around oil-pan studs on 
tightening stresses 


While this was perfectly satisfactory for laboratory work, 
it was definitely not so in production since it Was a ume 
consuming procedure. Accordingly, neither approach was 
taken. Since the angle through which a nut is tightened 
is proportional to the elongation of the stud or bolt, pro- 
vided that the zero point remains substantially constant and 
that the material being clamped is unchanged, it was sug 
gested that the angular method be used. As stated previ- 
ously, checks of actual main bearing stud elongation ob 











a Fig. 22-—Typical main bearing stud failure - failed while 
running 


tained with a given torque showed that the greatest 
elongation was often 50 to 60% over that of the minimum 
obtained. 


@ Angular Tightening Procedure 


Similar checks of the angle through which the nut was 
tightened with a given torque from a given zero position 
showed that the angular variation was proportional to the 
elongation variation. Accordingly, emphasis was placed 
upon developing an angular tightening procedure. By this 
method, the zero or reference point is established and the 
nut is tightened through a given angle. For example, in 
assembling the upper and lower crankcases together, the 
zero point is established by setting the cases together with 
1 torque wrench set for a load somewhat less than was 
formerly used for tightening. Then, each nut was backed 
off loose, retightened to a finger-tight position and then 
turned to the specified angle. The variation of stud elonga 
tion obtained by this procedure is in the order of 15%. 

A similar procedure is used for tightening various bolts. 
In the case of the forked connecting rod in which the 
circumferential crush of the connecting-rod bearing can 
introduce doubt regarding the zero point, the connecting 
rod cap is tightened down until a 0.002 feeler is snug. The 
feeler is then removed and the nut is tightened to the 
specified angle. In the blade rod a firm zero point can be 
obtained since bearing crush is not a factor and the feele: 
need not be used. This method has been applied to all 
critical studs and bolts in the engine which have sufficient 
length and therefore elasticity to be capable of accommo 
dating the tightening angle tolerance required when cotter 
pins are used. To halve this tolerance, two holes spaced 
at 90 deg are used in the critical studs and bolts. 


@ Investigate Design Characteristics 


The preoccupation with tightening of studs and bolts 
led to an investigation of their design characteristics and 
was further prompted by occasional failures which ox 
curred as the outputs were increased. The failures wer: 
generally of the type shown in Fig. 22. The failure is duc 
to bending fatigue superimposed on a more or less con 
stant tensile load. Additional muting or reduced mute 
clearance was generally of benefit in increasing the time 
to failure since stud vibration amplitudes were reduced. 
The greatest improvement, however, resulted from a re 
duction of stress concentration at the nut end of the threads. 


\ redesign of the main bearing studs, as shown in Fig. 23, 
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a Fig. 23 — Crankshaft 


main bearing studs — old and new desi 
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m Fig. 24—Connecting-rod bolts — old and new designs 


gns 


completely removed this part from the critical catego 


This was accomplished by: 
a. Confining the stud threaded portion to the 


b. Reducing the stud shank diameter in order to 
crease stress concentrations at the nut end. 


The same type of redesign was performed on cont 


1€¢ 


ing-rod bolts, as shown in Fig. 24. Here, as in the high 


stressed studs, the shank diameter was so proportione: 
to reduce the stress concentration. 
holes were used to provide a more uniform load in tigh 
ing. An additional change was also incorporated to re 
thread damage caused by the insertion or removal « 

ter pins. The bolt thread was cut away around the co 


Further, two cotter-p 


} 
} 

} 
t 
Cl 


uk 


tter 


pin hole, and thus mutilated nut threads could not interte 


with the assembly or removal of the nut. 


The above are but a few of many examples of devel 


ment of engine parts which have resulted from th 
operation of several groups within and without the Al! 
Division. 


None of the work has been of a spectac 


( 
C 
1S0! 


u 


nature but the sum total has increased the overhau! 


for the engine, which is used only in pursuit aircrat 
figure previously considered as being possible only 

abused bomber engines. All this has been obtaine 
no sacrifice of interchangeability, which is so impor 
this war with its battle fronts in practically every co! 
of the earth. 
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MPROVEMENTS in 


STATIC FERROUS CASTINGS 
Influencing Their Future Use 


by G. VENNERHOLM 


Ford Motor Co. 


1" THOUGH castings have, in the past, been used in the 
HFA automotive and related industries, their adoption for 
ily stressed parts has been rather limited. The reason 
this is, undoubtedly, to be found in the lack of con- 
which still surrounds many of the products of the 
lry. Based on past performance this lack of confidence 

ibt is, in some cases, justified. 

(he uppermost question in the engineer’s mind when 
unking of a casting always appears to be, “How can | 
now that the darn thing is sound?” 
lt is unfortunate that we have not yet reached the point 

ibstantially the same mechanical qualities can be 

ined irrespective of methods of manufacture, as this 

| enable the engineers much greater freedom in de- 

id the opportunity to select the process to be used 

vasis Of cost alone. 

progress has been made, however, and I shall 

to describe some of the improvements of the last 

years which, although they leave us some distance 

trom the ultimate goal, will, no doubt, influence the 
of the casting as an engineering material. 

nce the beginning of the rearmament program the 
idry industry has ‘not only done a remarkable job in 
easing its output of castings, but has also undergone 2 

grauitying expansion of its field of activity, which is 
ound to have a considerable effect on future engineering 


was presented at the SAE 


Pa ir Matériel Meetir 
ne 7, 1944,] 


This is best evidenced by the great variety of new parts. 
formerly made by other methods of manufacture which 
are today being cast. Included in these are items ranging 
all the way from guns, armor castings, and projectiles to 
component parts going into highly stressed engineering 
assemblies for aircraft, tanks, armored cars, naval ordnance 
parts, and so on. 

The primary reason for this rather unconventional de 
parture of the foundry industry from its formerly more or 
less accepted field of activity was, no doubt, at least in the 
beginning, the great shortage of equipment and manufac 
turing facilities in the forging industry, forcing the de 
signers to turn to castings. Today we believe, however, 
that the foundries in the majority of cases have proved 
themselves fully capable of successfully solving the prob 
lems which they have had to attack. 

Perhaps no other type of casting in the development of 
which a considerable number of foundries have taken part 
produced greater problems than the armor casting. Not 
only were no standards available covering chemical com 
position or physical requirements but the conventional 
methods of testing as used in the past did not prove a 
satisfactory indicator in judging the behavior and qualities 
of this type of casting. The acceptance test by the armed 
forces is based on ballistic performance both at normal and 
subzero temperatures, which means that the castings have 
to withstand terrific impact in the form of actual pro 
jectiles. In addition to these high “resistance to ballistic 
impact” requirements, the compositions must be such as 





ponent here are the most important de- 
velopments and improvements relative to 
static ferrous castings made in recent years, 
along with an analysis of the influence they may 
nave on future design and manufacturing meth- 


ods of the automotive, aircraft, and related in- 
dustries, 


These developments have been due, in part, 
Mr. Vennerholm believes, to wartime necessities, 
which are requiring castings capable of taking 
nigher stresses than ever before. 


As a result, new steels and molding materials 
have been introduced, as well as improvements 
in melting, molding, and heat-treat techniques, 
better methods of inspection, and greater uni- 
formity of product. 


THE AUTHOR: G. VENNERHOLM arrived in thi 
country in 1924 from his native Sweden to study 
manufacturing methods, and has remained with the 
pany ever since. He was educated in mechanical and me 
lurgical engineering in Sweden and German 





ary, 1945 











Table 1 —- Cast-Steel Analysis Chart 


Molyb- Miscel- Heat-Treatment ang 
Type Parts Carbon Manganese Silicon Phosphorus Sulphur Chromium denum Copper laneous Hardness 
F-1035 General-purpose steel 0.30-0.40 0.60-0.85 0.25-0.45 O0.05max. O0.05max,. ....0 0 2 2... canes 1750 F normaiize 
and ordnance castings 1350 F draw 
Brinell hardness 140.175 
F-1041 Passenger, tractor, and 0.38-0.45 0.70-0.90 0.15-0.40 0.05 max. 0.05 max. 0.50-0.60 Anneal to Brineil 163-27,» 
(#4) ordnance castings water quench and dry ’ 
specified hardness 
F-1041X Truck, tractor, and 0.38-0.45 1.30-1.60 0.15-0.40 0.05 max. 0.09-0.12 Normalize to Brinell as 
#4X) ordnance castings specified 

F-4040X Sprockets, flywheels,and 0.35-0.45 0.90-1.10 0.20-0.40 0.05 max. 0.05 max. 0.20-0.30 ee specified har. 
snindles L 

F-4041 Ordnance castings 0.38-0.45 0.70-0.90 0.15-0.40 0.05 max. 0.05 max. 0.20-0.30 0.50-0.60 Normalize, quench and dray 

£4Mo) to specified Brinell hartney 

F-4122 Truck ring gears and 0.20-9.25  0.40-0.55 0.20-0.40 0.04max. 0.03 max. 0.65-0.75 0.25-0.35 Normalize, carburize and 

(#2) parts to be carburized direct quench or reheat ang 
oil querch and draw to Rog, 
well “C’* 53-62 
F-14134 Centrifugal castings 0.30-0.38 0.55-0.75 0.20-0.40 0.04max. 0.03 max. 0.80-1.10 0.10-0.20 Normalize to Brine! of 
43 transmissior counter- 170-196, harden gears as pe 
sh ft and differential print 
ring gear . 

F-4140 Cant ifugal castings, 0.35-0.45 0.60-0.99 0.45-0.65 0.02 max. 0.025 max. 0.80-1.10 0.15-0.25 Normalize to Brinel! of 
cylinder barrels, and desired 170-196, harden to 286-30 
bomber parts 0.025 max Brinell 

F-4145 Cast-steel dies and die 0.42-0.47 0.65-0.75 0.20-0.40 0.04max. 0.03 max. 0.90-1.10 0.30-0.40 

(#3D) biocks : 5 

F-4357 Special crankshafts 0.55-0.60 0.60-0.80 0.30-0.40 0.C5 max. 0.05 max. 1.00-1.25 0.90-1.10 0.70-1.00 Nickel Normalize 1950 F, 5 hr, air 

(45M) 0.55-0.65 cool. Reheat to 1600 F. x 

in still air, Draw 1150 Fy 
meet Brinell hardness of 
302-341 
#6 Miscellaneous castings 0.80-1.00 0.50-0.70 1.20-1.40 0.08 max. 0.06 max. 0.15-0.25 Soak at 1720 F, 11 hr, cos 
rapidly to a mirimum of 
1200 F. Reheat to 1440F ax 
hold 30 mir. Drop to 138 
in 1144 hr. Hold at 1350F 
314 hr. Cool to 1200 F in! 
hr. Air cool to Brinel! hen 
ness of 197-255 
8 Crankshafts 1.35-1.60 0.70-0.90 0.35-1.10 0.10 max. 0.08 max. 0.40-0.50 1.50-2.00 1750 F, 45 mir. Air cool to 
maximum of 1200 F. Reh 
to 1400 F, hold 1 hr. Furnay 
coo! to 1000 F Brinell hard. 
ness of 241-286 
9 Pistons 1.40-1.66 0.80-1.00 0.90-1.10 0.10 max. 0.08 max. 0.15-0.20 2.00-2.50 1650 F, 20 min. Air cool t 
maximum ef 1200 F. Rehe 
to 1400 F. Hold 1 hr 
Furnace cool to 1000 F 
Brivtell hardness 190-225 
Valve ins 1 1. .30-0. .30-0. 3.00-4.00  8.0-9.0  1.50-2.00 Tungsten 1450 F, 30 min. Cool ini 
alve insert No 1.20-1.40 0.30-0.50 0.30-0.60 1.75-2.25 to 1000 F. Rockwell °C 
38-46 ‘ 
Valve insert No. 2 1.20-1.40  0.30-0.50 0.30-0.60 2.50-3.50 1.50-2.00 —_ Same as No 
Valve No. 1 95-1. .20-0. 0-3. 15.0-16.0 Nickel 
ve No 0.95-1.20 0.20-0.30 2.0-3.5 1antae 
Volve No. 2 1.00-1.20 0.30-0.59 2.5-3.5 0.05 max. 0.05 max. 19.0-21.0 1.50-2.00 
Valve No. 3 0.40-0.50  0.20-0.60 3.0-3.5 0.025 max. 0.025 max. 8.5-9.5 





to make the material readily weldable, as a large number 
of these castings are welded into assemblies and, in addi 
tion, later may have to be repaired by welding in the field. 

Early compositions developed were rather high in alloy 
content, following the practice used for rolled armor in 
World War I. Shortage of strategic alloys, however, soon 
made this practice prohibitive, and today these same cast- 
ings are made with comparatively small amounts of alloys 
and meet requirements well above those of three years ago. 

The development of cast armor is rather typical of the 
new problems which have confronted the foundry industry 
as a result of the present emergency. The very extensive 
research which underlies these new developments has re 
sulted not only in the satisfactory solution of many difficult 
assignments vital to the war effort, but what is probably 
more important has broadened the knowledge and _in- 
creased the understanding and appreciation of the impor- 
tance of scientific methods in the melting, casting, and 
heat-treat technique. This, coupled with improved methods 
of process control and inspection, should have a very bene- 
ficial effect on the quality, as well as increasing the field of 
potential utilization of castings. 


= Materials and Manufacturing Procedures 


Without attempting to go into technical details we shall 
describe what we believe to be the improvements which 
will have the greatest influence on strength and quality of 


castings and thereby help to increase the confidence 
castings for the benefit of everyone. 

Although malleable and gray iron castings cannot % 
left out of a discussion of this type, we believe that 0 
greatest change has taken place im the steel foundries ant 
shall, therefore, direct most of our attention to thts type @ 
work. 

Factors Affecting Quality and Uniformity in Sus 
Making — The equipment used in melting the materials, i 
particular steel, has not altered to any considerable exter 
with the exception of greater utilization of duplex a 
triplex systems incorporating the Bessemer converter ! 
order to facilitate meeting the greater tonnage requitt 
ments. 

As a result, however, of research necessitated by the eve! 
increasing requirements in mechanical properties and & 
consequently better understanding of the detrimental effe« 
of occluded gases, inclusions, and so on, much greater cit 
is exercised today in the proper refining of the molt! 
metal through careful control of the boil, recarburization 
deoxidation, and slag, thereby greatly jmproving the qu 
ity of the steel. It is of interest to note that not many y¢@! 
ago this practice of complete boil and recarburization ¥# 
considered unorthodox for acid furnaces. 

The increased use of the spectrograph and similar rap 
analytical methods allows the foundry metallurgist «n accu 
rate knowledge of the composition of the molten meta # 
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aking it possible to manufacture to closer limits. 
; of hardeners and deoxidizers have been devel- 
, aid in the control of hardenability, grain size, 
ns, thereby helping to make better castings. 
the most important gain, however, to the user 
is the greater uniformity in the product which 
hieved through these developments. 
ments in Soundness through Recent Develop- 
Casting Technique —The earnest effort of the 
anufacturers to meet the increased demands, 
th the compulsory introduction of X-ray and 
hods of inspection, in particular in connection 
ordnance and aircraft work, has led to profitable 
tudies relating to internal stresses, mass effects and other 
actors which have a direct bearing upon the soundness of 
he casting. These studies have resulted in a better under- 
tanding of design factors and many improvements in the 
ethods of gating and risering, factors which all greatly 
bffect the quality of the casting. 

Other significant developments have thrown new light 
pn the effect of mold gases on castings and, as a result, 
brought forth new mold materials, as well as improved 
nethods of sand control. 

Unfortunately, we still have to face the fact that when 
metals solidify they contract and, at the same time, that 
the cooling starts at the surface and progresses toward the 
enter of the object. Unless precautions are taken to supply 

Madditional metal in the proper place to offset this condition 
shrinkage cavities will occur. 

We shall attempt, a little later, to show that if certain 
fundamental principles are followed when designing parts 
to be cast, some of the difficulties in obtaining sound cast- 

me ings can be eliminated. 
) New Steels to Meet Increased Requirements — The im- 
| provements accomplished in the making of the steel and 
in the foundry technique have, in addition, been supple- 
mented by the increased use of alloys. 
Prior to the war the majority of cast steels were either 
® plain carbon or of relatively low alloy content, mainly of 
: the manganese type. 
© The substitution of casting for many forgings and fabri 
py cated assemblies, however, has led to the adoption of many 
of the forging steels by the foundry industry. In addition 
copper-bearing and high-carbon steels which, due to their 
limited forgeability found few applications in the wrought 
steel industry, are rapidly beeoming important cast steels. 
§ The general tendency appears to be toward standardiza- 
p tion of cast steels along the lines of the NE steels, and it is 
not unlikely that within a year or so standard NE com 
positions for cast steels will be in use. 
The cast-steel analysis chart shown as Table 1 from the 
: Ford Motor Co. foundry may be of interest as it indicates 
@ the variety of steels used to meet varying requirements. 
m Higher Strength through the Wider Application of Heat 
me Treatments ~The wider application of castings for highly 
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Table 2- Minimum Physical Requirements for 
High-Strength Steel Castings (QQS-681-B) 
Yield 
Point, psi 
85, 000 


Tensile 
Strength, psi 


105 ,000 


Elongation, 
Jo min. 


Reduction of 
Area, % min. 
18 40 

15 30 


100, 000 120,000 14 35 
12 30 


125,000 150,000 10 25 
Physical requirements for Certain Aircraft Castings 
180,000 8 


Class 
4C2 


4C3 


iC4 


Februcry, 1945 
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stressed parts requiring properties unobtainable through 
the earlier heat-treatments has been made possible through 
the increased use of liquid quenching. This advancement, 
although by no means new in the foundry industry, has 
brought about a better realization of the importance of the 
hardenability factor as an indicator of how the material 
will respond to heat-treatment. 

Many foundries are today using hardenability tests as 
part of their routine testing. This is, no doubt, a great step 
in the right direction and follows the trend in the rest of 
the steel industry which now realizes that the chemical 
analysis as an indicator of potential properties is of secon 
dary importance. The results obtained in the foundry 
industry through the adaptation of these newer methods 
are, indeed, encouraging. 

It may be of interest to those not familiar with steel 
castings to examine some of the specifications which today 
form the minimum requirements for the products of many 
foundries. (See Table 2.) 

It will be noted that two values are given for elongation 
and reduction of area. The higher values represent the 
original specification which had to be revised as a result of 
the curtailment in amount of strategic alloys allowed for 
castings. 

The utilization of flame, induction, and other selective 
or differential hardening methods has made it possible to 
adopt castings for many parts that formerly were made by 
other methods. This point will be illustrated later. 


m Testing and Inspection Technique 


Determination of Properties - The conventional test bar 
and the results obtained therefrom today still form the 
basis for judging many steel castings. The realization, 
however, that the test bar alone is not a satisfactory means 
of judging the quality of a casting is gaining ground. The 
information obtained from the test bar forms a basis for 
judging the quality of the particular batch of steel repre- 
sented and its response to a particular heat-treatment, but 
is no guarantee that the castings made therefrom are 
satisfactory. 

For practical reasons the test bar is cast either as a 
separate coupon or as an appendix attached to the casting, 
and must, in order to serve its purpose, be made as sound 
as is possible. This results in casting methods which cannot 
be economically duplicated for the casting which it 
represents. 

The generally conceded inadequacy of the above tests 
has led to the wider application of actual load tests as a 
means of inspection. These tests consist of loading the 
castings to a predetermined limit in a manner which will 
produce stresses similar to service conditions and may con 
sist of impact, static, or dynamic loading. The extent of 
testing may be limited to spot checking or when deemed 
necessary used 100%. 

An additional test supplementing those just described 
has lately been adopted by the Army Ordnance Depart- 
ment as part of their specification covering certain steel 
castings. This test, generally termed “fiber test,” requires 
that a sample, consisting of a test lug either attached to the 
casting Or cast as a separate coupon and representing the 
average thickness of the casting, be fractured after having 
received the same heat-treatment as the casting. The 
fracture must have a fibrous character and be free from 
any crystalline appearance in order to be acceptable. This 
test, which is based on the fact that a fibrous fracture is 











a Fig. | —Miilion-volt X-ray machine in Ford steel foundry 


the result of adequate hardenability and suitable heat- 
treatment, is a valuable inspection method, in particular 
where impact requirements are of importance. 


Determination of Soundness — 1. X-ray or gamma ray - 


Whereas a few years ago the X-ray method was used only 
to a limited extent by casting manufacturers, the new trends 
in design, coupled with the increased application of cast- 
ings for highly stressed parts, have emphasized more than 
ever the basic principle that the first essential of any meta! 
structure is soundness. 

Not only has the X-ray been found an invaluable tool in 
the development of the most satisfactory casting technique 
for new jobs, but it has also mainly through the efforts of 
the Ordnance Department and Air Forces become a stand- 
ard method of inspection which, if used properly, will give 
added assurance as to the degree of soundness in any par- 
ticular casting. Depending upon the importance of the 
part, the X-ray may be used for spot checking on a small 
percentage basis or, where the requirements make it neces 
sary, on a 100% basis. 

Approximately 50% of the steel foundries in America 
are today using X-ray or radiography in one form or 
another to control their product. 

Table 3, demonstrating the radiographic standards for 
steel castings as adopted by the Ordnance Department and 
how they operate, may be of interest. 

Although these standards may have to be modified to 





a Fig. 2—Old (A) and new (B) design cast tank bogey lever 


a Fig. 3—Cast fan shroud for medium tank 


suit the part in question, «hey nevertheless afford a met! 
of inspection which may be included in the specificatig 
and thereby give the designing engineer and the potenti 


user the guarantee, for lack of which he would not adg 
a casting in the past. - 





The extent to which X-ray equipment has been 
oped for foundry work is indicated in Fig. 1, which shoy 


a million-volt X-ray machine in operation in the Fox 
Motor Co. steel foundry. 

2. Magnetic Methods —- Magnetic methods, such as th i 
magnaflux and the lately developed magnaglow or fluor } 


cent method for the detection of minor cracks and surfac 
imperfections, are continuously finding wider application 
as an inspection method for highly stressed castings 


m Design Factors 


Frequently designs are submitted to the foundry 
do not lend themselves to the manufacture of a satisfacton 
casting. Many times a relatively small correction whic 
will not alter the shape of the part sufficiently to be pr 
hibitive, may change a casting from a bad job to a goo 
one. 

Much would be gained if the designing engineer, at 2 
times, would keep in mind that the ideal design is om 
where all members of the part increase progressively 1 
thickness to one central location where a riser or feede 
can be placed which will supply the metal required to offs 
shrinkage. We fully realize that this is not always possidit 
but it should form the basic thought behind any castu! 
design. Frequently it has been found advantageous to «a 
the part in sections which later can be joined togetht! 
rather than to attempt casting in one piece. The 
tance of close cooperation between the engineer, found 








Table 3 — Radiographic Standards for Steel Casting, 
including Cast Armor (AXS-476 


Ordnance Department Standards 


Type of Standard Standard Standard Standard Standard 
Defect 1 2 3 4 

Gas cavities A A A A A 
and inclusions B A A A 7 
U B a A A 
U U U B 4 
U U U U B 
U U U U U 
Pipe and B A A A a 
Centerline U B A A a 
Shrinkage U U B A A 
U U U B A 
U U U U B 


Cracks and Cracks or tears are cause for rejection when th 
tears length is equal to or greater than T/2 or when th 
sum of the lengths of discontinuous cracks or tears '* 
equal to or greater than T/2 in a length of metal equa 
to 6T where T is equal to the thickness of the met 
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A sli 
inated the difficulties (B). 


a Fig. 4 (left) -75- 
mm gun recoil cylin- 
der —cast design 


sw Fig. 6 (right) - 
Fabricated rear-axle 
housing incorporat- 
ing cast hub and 
spring perch 


| metallurgist not only in the design of the casting 
n the selection of the material cannot be over- 
ed. Much time can be saved and many headaches 

d thereby. 
illustrating this point is shown in Fig. 2. The 
design of this simple but highly stressed tank cast- 
\) did not lend itself to the manufacture of a 100% 
isting, with the result that several failures occurred. 
ght alteration based on the principle discussed above 


Castings versus Fabricated Assemblies — Simplification in 


‘ig, 2 shows 


and manufacture is the major advantage of a cast 


Many fabricated structures, necessitating the making 
irge number of parts which later have to be assembled 
th welding or by other means, can be changed to a 
thereby saving time, money, and valuable equip 
[his is particularly of importance today when our 
ne needs require every piece of equipment to be 


ized to its fullest extent, but future designs will no 


tt also be affected through this trend. 
have selected three different castings which we be 
rather typical of this substitution of castings for 
itea parts. 
a tan shroud for a medium tank which 
illy would be manufactured by fabricating but which, 


casting the same, resulted in considerable simplification 

inutacture and reduction in cost. 
g. 4 shows a 75-mm gun recoil cylinder which was 
lly designed as a fabricated job composed of approx 
18 pieces which had to be welded together. By 


I 


scery 


ting a cast design the part is now made in four pieces 


ibled through butt welding. 
manufacture of the Ford truck rear-axle housing 


5 - Cast and fabricated truck rear-axle housing 
tubes compared 


a Fig. 7—Rear axle housing tube for 9-ton armored cor 
composed of a steel tubing, static casting, and centrifugal 
casting 


tube shown in Fig. 5 was greatly simplified by changing 
to a casting. 

Castings as Component Members in Welded Assem 
blies— The metallurgical improvements of the last tew 
years, coupled with the foundries’ ability to manufacture 
sounder castings, has resulted in the increased utilization 
of castings as integral parts of composite welded structures. 
Although not entirely new, this is a departure which allows 
for a much greater field of application and consequent 
greater freedom in design. 

A contributing factor has been the extensive research 
conducted on welding of cast steels which has now elim 
inated many of the difficulties encountered in the past 

The use of castings as component members of welded 
assemblies is illustrated in Figs. 6 and 7 showing a rear 
axle housing for a Ford passenger car, and a housing for 
a g-ton armored car. 

In addition to demonstrating the utilization of a casting 
in this assembly, Fig. 6 shows an interesting illustration of 
selective hardening applied to a casting. Prior to welding 
n the assembly this casting is fully hardened to meet thé 
necessary requirements and is then induction hardened at 
the hub end to a minimum of 58 Rockwell, necessitated by 
the utilization of this hub as part of the roller bearing 

The casting used in Fig. 7 is also hardened locally in thé 
square hole to resist the wear of 


bracket. 


Castings Substituting for Forgings 


springs seated in th 
S| he critic al shortage 
of forging equipment has necessitated the manufacture of 
certain parts by casting that standard practice has decre: 
to be forgings. It is of interest to note that many of these 
parts have proved very successful and the experience gained 
will be a valuable aid in guiding the selection of manufa 
turing methods for future designs. 

\ 600-hp tank-engine cast-steel crankshaft (Fig. 8) ts as 











interesting illustration of the extent to which steel castings 
have been applied as a result of the emergency. This has 
been made possible not only through careful selection of 
material and design but also through rigid control of 
manufacturing procedures and utilization of X-ray and 
magnaflux for the elimination of defective castings. It may 
be of interest to point out that this crankshaft is surface 
hardened through nitriding after machining. 

To illustrate further the substitution of castings for forg- 
ings, we have selected a landing gear shock strut used on 
one of our best-known carrier fighter planes. This casting 
(Fig. 9), heat-treated to meet a minimum of 150,000 psi 
tensile strength, has proved very satisfactory. 

Castings for High-Temperature Work -— The vastly in- 
creased requirements of the aircraft industry for materials 
and parts suitable for operation at high temperatures has 
led to very interesting casting developments. These par- 
ticular designs often are such that fabricating methods 
become prohibitive or even impossible and the service 
requirements such that alloys many times have to be used 
which do not readily lend themselves to such methods of 
manufacture. With few limitations of shape or design 
present in castings and most of the alloys required readily 
cast, developments of this type will undoubtedly form the 
basis for methods which will greatly influence future 
engineering developments, in particular in connection with 
jet propulsion. 

In the manufacture of superchargers a number of cast 
ings has lately been introduced which has greatly simpli 
fied manufacturing problems, thereby saving much time 
and labor. Figs. 10, 11, and 12 show a fabricated nozzle 
box diaphragm, a close-up of the same, and a cast dia- 
phragm, respectively. The tremendous amount of labor 
required in fabricating this part is evidenced from the 
study of the close-up (Fig. 11). 


m= Improvements for Malleable and Cast Iron 


Malleable Iron- The recent developments in the mal- 
leable industry have been directed towards improvements 
in metallurgical control and the effect of various additions, 
in particular, boron as a graphitizer, as well as studies 
relating to the effect of occluded gases upon graphitization. 
The malleable industry has, in addition, undergone a great 
expansion and modernization particularly in their heat- 
treating equipment, which has placed it in a position to 
meet the challenge of the steel and nonferrous casting 
industries. 


The malleable industry has played a particularly impor- 


a Fig. 8 (left) —600-hp 


tank-engine 


108 


cast-steel 
crankshaft 


a Fig. 9 (right) - Land- 

ing gear shock strut — 

steel casting for fighter 
plane 





tant role in the recently accelerated truck program through 
the development of malleable rear-axle housings of con 
siderably larger size than thought possible with this typ 
of material in the past. . 

A particular type of malleable called “pearlitic malleable 
has found widespread application as a substitute for many 
small plain carbon steel forgings not requiring welding 

Cast Iron — Cast iron has had some difficulty in finding 
its place in the war picture. Recent developments based 
on the inoculation methods, coupled with an_ increased 
knowledge of the effect of pouring temperatures, rate of 
cooling, and so on, on structure and properties have re 
sulted in irons greatly superior to those of a few years ago 
Physical properties ranging as high as 60,000 to 80,000 ps 
tensile strength, while the castings still retain machinability 
and a certain degree of toughness, are not unusual today 

As a result, many highly stressed parts are today manu 
factured in cast iron, an outstanding example of which are 
crankshafts for large diesel engines. 


m Future Trend 


In predicting the future trend I believe that the follow 
ing basic factor will receive considerable attention. 

All steels originally are cast; the difference, therefore, 
between a casting and a forging is largely due to the effect 
mechanical working has in breaking up the cast structure 
increasing the density of the material, and minimizing U 
effect of nonmetallic inclusions. 

In order to arrive at equal properties regardless of 
method of manufacture, it will, therefore, be necessary to 
introduce external or other forces which, through their 


a Fig. 10—Fab- 
ricated nozzle 
box diaphragm 
for super- 
charger 
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a Fig. || —Close-up of fabricated nozle box diaphragm 


reduce grain size, minimize the tendency to- 

shrinkage cavities and in general increase the 

nsity, thereby simulating the effect of mechanical work- 

Some such methods already have found widespread 

ication, others are in the development stage and still 
are yet unborn. 


a Conclusions 


| have made an attempt to present what I believe to be 
the most important developments and improvements rela- 
tive to Static ferrous Castings. 

In particular, | have sought to analyze the influence these 
levelopments may have on future design and manufactur- 
ing methods applicable to automotive, aircraft, and similar 
products 

[ have emphasized the fact that the improvements are at 
ast partly the result of wartime necessities, forcing the 

rs to adopt castings for highly stressed parts. I have 
also shown that these greatly increased requirements have 
brought about extensive research and new developments, 
h have led to the introduction of new steels and mold- 
: materials, as well as improvements in melting, mold- 
| heat-treat technique, along with better methods of 

tion and greater uniformity of the product. 
progress made is, indeed, encouraging and, I be- 
he designer will be able to take much greater advan- 


ne 


casting as an engineering material than he has 


t 
Si 


timism is, however, tempered somewhat by the 


a Fig. 12 —Cast 
nozzle box dia- 
phragm 


knowledge that many unsatisfactory castings, “full of 
shrinks, pin holes, cracks, dirt, and what have you,” are 
still finding their way to the consumer. The responsibility 
for this condition, I believe, rests with a relatively small 
number of foundries, but the effect is felt by the whole 
industry. 

I can only suggest that a way of minimizing this con- 
dition is for the engineer and the user first to satisfy 
themselves that the design is sound and then to issue 
specifications which definitely clarify the requirements of 
the particular part both as to mechanical properties and 
soundness. With the different grades of castings made in 
most foundries some such method is necessary in order 
that the foundryman may direct the proper attention to the 
part in question and introduce methods of process control 
which will result in a uniformly satisfactory product. 

The added assurance of higher quality castings obtained 
will justify the slight increase in cost that may result. 
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Basic Principles of PowER Booy 


URING the early stage of the design of any large air- 

plane, one of the first questions raised is whether or 
not power boost control is necessary. Obviously, any power 
boost system is an undesirable complication to add to an 
already complicated piece of machinery, if satisfactory con- 
trol characteristics can be obtained with a conventional 
control system. The largest size airplane which can be 
operated without power boost is controversial, but it is safe 
to assume that on an airplane of approximately 150,000 
It gross weight, or over, a power boost control is desirable, 
if not essential. 

Many substitutes for power boost have been tried, but 
to date, all are considered to have disadvantages which 
prohibit their use on extremely large airplanes. 

The use of powerful balance tabs or a large balance area 
ahead of the control surface hinge line is limited by stabil- 
ity requirements. Since the maximum force in pounds 
which the pilot can exert remains constant, the percentage 
of total force supplied by the pilot becomes less as the air- 
plane size increases. The remaining portion must be sup- 
plied from external sources. If the external source is a 
balance tab or aerodynamic nose balance, it is always acting 
on the surface, tending to displace it from neutral. This 
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HE need for power boost controls, as evi- 

denced by the practical limitations experi- 
enced with mechanical types of manual-assist 
control methods, is briefly summarized. 


This is followed by an analysis of power boost 
control in general in so far as location of major 
elements is concerned. 


Also included is an analysis of the conditions 
under which power boost is required and a list 
of basic characteristics which are essential as a 
design nucleus. Each characteristic is presented 
in detail and reasons for its inclusion are ex- 
plained. 


A complete description of the principles of 
operation of the Vickers hydraulic boost control 
as used on the Martin Mars is presented with a 
schematic diagram of a typical control system 
incorporating the boost unit. Selection of power 
source and all related hydraulic and mechanical 
equipment necessary for satisfactory operation 
of the Vickers unit is described. 


A summary of how each basic design char- 
acteristic can be fulfilled by this type of hy- 
draulic boost control concludes the report. 











balance load opposes the airload, which tends to hold th 
surface in neutral and, therefore, the surface has a greate; 
tendency to “hunt.” On large airplanes where the balang 
force becomes nearly equal to the surface airload, sever 
instability results. 

One type of manually operated control assist which ha 
been tried consists of a large trim surface placed imme 
diately aft of the fixed surface and the control surface 
hinged aft of the trim surface, as shown in Fig. 1. In th 
case the most aft surface is used for all normal maneuver 
ing, and therefore is operated by the conventional pilot’ 
controls. The aft surface is large enough for all norma 
“in the air” control but not for landing, take-off, or ex 
treme trim conditions. It can, therefore, be considered a 
a force reducer to assist the pilot during normal operation; 
The control for the trim surface is operated by the pilot 
through an irreversible control system. The pilot’s trim 
controls are used for all conditions where insufficient ¢ 
trol is available from the control surface and are operated 
the same as the conventional trim tab controls. The bas 
of the difficulty experienced with this type of contro] | 
in the fact that the airload to be overcome by the pil 
when operating the trim surface is the total of both th 
control surface and the trim surface. This load becom 
extremely large, and it is, therefore, necessary to gear dow: 
the control system so that the pilot cannot mechani 
operate it fast enough under emergency conditions 

Another type of mechanically operated contro] wh« 
has been used with more success is the Boeing-type “fly 
tab.” In appearance the flying tab is much the same as 
conventional control surface tab. The tab itself, how: 
is slightly larger than a normal trim tab and is controll 
directly by the pilot’s flight control. The control suri 
and control system are arranged so that when the 
moves the cockpit controls, the tab moves in the oppos 
direction to that of the normal conventional surface. T! 
airload on the tab then moves the surface and tab togeth 
in the opposite direction and the movement continues unt 
the airload on the surface and the tab just balance 
other. In this type of system, the surface floats free (€x 
for spring restraint) in a limited range, and the pilot ¢ 
trols only the tab within this range. The effect is to g 
the pilot a very small surface for which he has to overc 
the airload. This small airload on the tab creates a larg 
moment about the hinge line of the surface, and t! 
it can move a relatively large surface. 


This type of control has been employed on the boeing 


314 and has apparently proved quite satisfactory. 
however, been criticized in some circles because a 
minimum airload on the tab is required to move the larg 
surface. The critics point out that this would b 
advantage when taxiing at low speed in restricte 

On a land plane, this is of less importance because ¢ 
tional control with the brakes; but on flying boats 

be extremely important. 


Just how 
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cHT CONTROLS 


by 
E. G. RILEY 


Project Engineer, The Glenn L. Martin Co. 


Stabs would be on extremely large airplanes cannot be dis- 

® -ussed here. It is believed, however, that mechanical and 

stability difficulties would prohibit its use on the future 
“giants ol the air.” 

Many other types of manually operated assists have been 

for large airplanes, but all have major problems 

late, are not considered to have been successfully 

Each is at best a compromise which attempts to 

dditional pilot effort. A power boost actually 

this additional effort for the pilot. In a power 

m, external power is supplied to assist the pilot 

nes, in effect, part of the pilot to help control the 


control surfaces are operated by the pilot, the most 
| power boost system will be that which operates 
ically and simultaneously with the pilot. By the 
n it should operate automatically to assist the 
pilot when required. It is, of course, obvious 
practical boost system must require a minimum 
ng and be simple enough to be maintained by 
ly inexperienced personnel. . 


# Location of Major Elements 


Careful 


attention must be given to the location of a boost 

unit. In the first place, a large airplane necessi 

1 long control system. Higher friction loads result 

m the long run unless a great deal of care and study 

ut into the original design. The power boost unit 

i then be placed as near to the surface to be controlled 

sible so that the high load will be carried through 

mum of the control system. Much higher friction 

ire encountered if the boost loads are carried 

shout the entire control system. Friction may well 

a major problem in a design for a large airplane 

boost unit employed will, in some cases, con 

ite more than 50° of the overall friction force. An- 

reason for placing the boost unit close to the surface 

ice the control system deflection to a minimum. 

r the distance over which the high boost loads 

1, the less deflection for the same structure. It 

« tound that considerable structural weight in 

| system can be saved if the boost loads are ap 
vicinity of the contro] surface. 

ver source tor the boost should be selected on the 

ncuon and reliability. If a hydraulic type of 

sed, every effort should be made to use a com 

lependent hydraulic system instead of the air 

raulic system so that the main flight controls ar« 

lent upon the proper functioning of all other 

nits in the airplane. Should the main engine 
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be used for a power source, it must be remembered that 
frequently maximum control surface movement is required 
during landing operations when the main engines are 
idling. Continuing operation of boost control after com 
plete engine failure is also highly desirable. 

Two other important considerations in locating com 
ponent parts of a power boost control are maintenance and 
pilot control. Mechanical malfunctioning will probably 
always occur and it is of utmost importance to be able 
to service flight control elements quickly and easily. It is 
of equal importance that the pilot be able to disengage a 
power boost control instantly, should failure or malfunc 
tioning occur. It would be a major task for a pilot to 
control a large airplane manually after power boost failure, 
and if he had to overcome the power boost as well, a crash 
would be a probability. On military aircraft, care must 
also be exercised to locate component parts of the boost 
control so that possibility of damage by gunfire is reduced 
as much as possible. 


w Conditions Requiring Boost Control 


Even on large airplanes, power boost is not essential at 
all times. During level flight in relatively smooth air ot 
even during a landing with plenty of room, it is possible 
that a pilot could control a very large airplane without too 
much trouble. The power boost is normally necessary, 
however, during take-off and landing, high-speed taxung 
rough air flight, maneuvering, and when flying on auto 
matic pilot. An emergency landing made because of en 


gine failure is probably the most critical condition 
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w Essential Characteristics 


. 
Assuming that it has been found necessary to use a 


power boost control on an airplane, the following points 
can be used as a measure in selecting or designing the 
particular type. To be a satisfactory boost control design, 
it must have all of the features noted: 

1. Proportional feel. 

2. Feedback and free control stability. 

3. Immediate and smooth response even after long idle 
periods. 

4. Manual standby. 

5. Instantaneous control by pilot in case of failure. 

6. Operate satisfactorily under temperatures from —65 
F to I50 F. 

7. Be capable of being operated by automatic pilot. 

8. Easily serviced by inexperienced personnel. 

g. Be relatively troublefree and have a minimum of 
adjustment. 

There have been many arguments in the past regarding 
whether or not “feel” in the controls of a large airplane is 
necessary. You will find many designers who will argue 
that feel in the control systems is not necessary. They will 
point out that on small boats you can feel the pull of the 
tiller and thus gage the rate of your turn; whereas on ocean 
liners, the control is entirely by power and the skipper has 
absolutely no feel from the tiller. In the early days of large 
ships, sea captains insisted that they must have the feel of 
the tiller in order to man their ships safely. However, 
since they have become used to the power control, feel of 
the tiller is considered unimportant. It is, therefore, con- 
cluded that power boost control on airplanes need not have 
feel if the pilots become accustomed to this type of control. 
It has been predicted by some designers, that in the future 
when planes of 500,000 |b gross weight are built, it will be 
impossible to provide feel for the pilot and, therefore, the 
same type of control now used on large ships will have to 
be employed. 

On the other hand, you will find many proponents of 
the theory that without feel, an airplane pilot would be 
completely lost — particularly when flying blind. These de- 
signers point out that there is a vast difference between 
flying an airplane and steering a ship. The ship captain 
has directional control only, and has time to observe the 
action and motion of the ship in response to his con- 
trols. The airplane pilot, on the other hand, has three- 
dimensional control and must react instantly to almost any 
change of attitude of his plane. This point will probably 
be controversial for many years, but for the present, it is 
believed that the majority of pilots and operators prefer 
proportional feel. Proportional feel can be briefly described 
as meaning that the pilot at all times feels, through his 
cockpit control unit, a predetermined percentage of the 
total load imposed on the control system by the control 
surface. 

Feedback is the term applied to the transmittal of load 
from the control surface through the power boost, and 
then in a proper ratio, to the pilot’s cockpit controls. Feed- 
back decreases the possibility of gust conditions overloading 
the airplane structure, since the surfaces will be deflected 
by an airload unless restrained by the pilot. This is also 
essential in order to maintain free control stability. With- 
out feedback, the control surfaces would not return to 


neutral after once being displaced unless moved to neutral 
by the pilot. 


















































During long periods of straight and level flying, cog, 
are not frequently moved. The satisfactory boost cops 
must withstand long periods of inactivity and still be rej 
to supply power immediately when needed. It is also Cie 
tial that the sudden movements of any one control yy 
have no effect on the other units through the mediyy 
the boost power supply. 

Since the flight controls are vital for safe flight, ma 
operation of the control in the event of any boost faily; 
mandatory. By the same token, it must be possible for 4 
pilot to disengage instantly the power boost should 
emergency arrive. Operation of a power boost copy 
through a temperature range of —65 F to 150 F is o 
ously just as essential as the operation of a conventio: 
control system through this same temperature range, 4 
previously noted, any power boost control should be capa, 
of being operated by the automatic pilot. It must also} 
capable of being serviced by inexperienced personnel 
the number of adjustable features which can be mal 
justed must be held to a minimum. 





m Boost System As Used on Martin Mars 


In all probability, an all-electric boost control sys 
could be designed to fulfill all of the above requiremen 
All that were investigated for the 140,000 Ib gross weig! 
Martin Mars airplane, however, proved to lack one or mor fi 
of what was considered essential characteristics. For tif 
airplane, a relatively high pressure hydraulic system wa 
decided upon, since with the high pressure, large fore 
could be obtained using fairly small cylinders and ot: 
component parts. The Martin Mars power boost contr 
system is used here to illustrate the principles set for 
Other systems may be developed which would prow 
equally as good, but this one has proved to be simple ao 
reliable, and complies with all requirements. 

The basic underlying principle of the Vickers powe 
boost control which was used on the Martin Mars 
extremely simple. It has been well known for many ye 
that if interconnected by a hydraulic line, a great man 
pounds of force are exerted on a large piston when a {¢ 
pounds of force are applied to a small piston. To obt 
motion however, work must be done; and since work 
equal to force times distance, the small piston must m 
a proportionally greater distance than the large piston. 1 
motion of the small piston through a large travel mer 
transmits a volume of fluid through the line to the larg 
cylinder. The hydraulic pressure at each piston is the samt 
and therefore, the forces are directly proportional to " 
diameters of the pistons. If, instead of moving the sm 
piston a great distance, the required volume of fluid 
supplied under pressure from an external source, the sam 
result is obtained. 

This is a basic principle from which the Vickers hydr 
lic boost control was developed. In the Vickers’ boo 
system, motion of the pilot's control offsets a valve, adm" 
ting hydraulic fluid under pressure, to the surface operatig 
cylinder. The resulting motion of the surface is, in tu" 
transmitted back to the valve through linkage, and clos 
the valve. The pressure admitted acts on both the sm 
piston, which is the valve, and the large piston, whi 
operates the surface. Since the small piston is connected! 
the pilot’s control, a small proportion of the surface |oa¢ 
transmitted back to the pilot. The ratio of the for 
depends on the diameters of the two pistons. 
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* » Fig. 2—Servo valve and booster cylinder (equal pressure on 
both ends of cylinder and valve) valve neutral 
ra ® Figs. 2 and 3 are diagrammatic sketches of the Vickers 
el B servo valve and booster cylinder for operation of the sur- 
ma face. The servo valve and its linkage are the heart of the 
BH boost system. Diagrammatically, the servo valve piston can 
DM be shown as a three-spool piston. The center spool covers 
the high-pressure port when the valve is in the neutral 
Me position (Fig. 2). In this neutral position, the two servo 
‘YSCCHS valve ports that admit fluid to either end of the booster 
we cylinder are open. If the servo valve piston is now moved 
— slightly to the right (Fig. 3), fluid flows from the external 
THEE pressure line into the space between the two spools on the 
, left, and then to the lower end of the booster cylinder. The 
rh ™ cifferential pressure thus created in the booster cylinder 


moves the piston upward. The fluid in the upper end of 
the booster cylinder escapes through the servo valve and 
@ returns to the tank through the return line. It will be 
m noted that the areas of all three spools of the servo valve 
OH are identical, and the high pressure existing between the 
center and left spools will cause no movement of the servo 
From this, it can be seen that all that is 
m™ rcquired to operate the booster piston is to displace this 





| 
Valve piston, 





irs small servo piston either direction from neutral. 
Yea In order to obtain proportional feel, the pressure line 
ma onnecting the booster cylinder to the area between the 
i ® center and left spools of the servo piston is also connected 
ot ® to the far right-hand area of the servo cylinder. With this 
tk SHAS connection and a similar connection of the opposite end of 
no\ ie the booster cylinder to the opposite end of the servo cyl- 
® inder, any differential pressure existing between the two 
m ends of the booster cylinder also exists at the two ends of 
Hie the servo cylinder. Therefore, when the servo 


m jston is moved to the right, admitting fluid 
irom the pressure line, the movement of the 





1 


iston will be resisted by any increase 


Se servo | 












pressure. Similarly, any increase in pres- 





* m sure in either end of the booster cylinder will —— 
Bi lso b present in the servo valve cylinder 

7 ee tes | to displace the piston from neutral. 

10 ‘ he ratio of the area of the booster piston 
m and the servo piston thus controls the boost 












4 schematically shows the positioning 

servo cylinder and the booster cylinder 
in relatiom to.an elevator control system. The 
scissors limkage shown serves as the actuator 
tor the serve valve piston as well as the man- 
| ‘al standby feature. This himkage provides a 
= complete mechanical liVitage between the pi- 


ntrol column and the elevator surface. 





Febru ary, P9as 








m Fig. 4—Elevator control system incorporating boost unit 
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m Fig. 3—Servo valve and booster cylinder (high pressure to 
cylinder) valve open 



































Referring to Fig. 4, the operation cycle of the control 
system is as follows: Assuming the elevator surface to be 
held in its neutral position by equal airloads from above 
and below, the pilot begins to move the control surface 
upward by moving the contro! column back. The first 
slight motion of the control column aft rotates link P about 
point L. Since the elevator surface is held in a neutral 
position by airload, link S, which is pivoted on the airplane 
structure, does not move. Rotation of link P pushes the 
servo valve piston aft. Hydraulic fluid under pressure is 
admitted to the booster cylinder, causing the elevator to 
move up against airload as the control column continues 
to move aft. As the down airload on the surface increases, 
pressure builds up in the booster cylinder. It also builds 
up in the servo valve cylinder, thus providing a propor- 
tional load on link P and on the control column. As the 
elevator moves up, link S is rotated about point 4, thus 
moving pivot point L. The control column moves aft at 
the same rate as the elevator surface moves up so the dis- 
tance between points C and E remains constant. (Note: 
Fig. 4 is diagrammatic. Actually, points 4 and V and also 
C and E must be on a common centerline.) 

When the pilot stops moving the control column, the 
elevator continues to move momentarily because fluid is 
still being supplied through the open servo valve to the 
booster cylinder. The additional movement of the surface 
Point C is held 


motionless by the control column, however, and point L 


rotates link S$ about its pivot point 4. 


therefore moves forward pulling the servo valve piston 


closed. Under this stable condition, the down airload on 
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the elevator surface is resisted by a pressure in the upper 
end of the booster cylinder, which is greater than that in 
the lewer end of the cylinder. This same pressure is trans- 
mitted to the servo valve piston which, through the link- 
age, acts on the control column, tending to move the 
column forward. The pilot must hold against this load. 
Should the pilot release the control column, the servo valve 
piston would then be allowed to move so as to relieve the 
excess pressure. This, in turn, would relieve the pressure 
exerted on the booster cylinder and allow the elevator sur 
face to return to neutral. Should the control column be 
left free, it will, in turn, leave the servo valve piston free 
to be moved in either direction. Obviously, the piston will 
not remain in any position unless the pressure in each end 
of the cylinder is the same. If this pressure is equal, the 
load on either side of the surtace must also be equal. 


From the operational cycle described, it can be seen that 
both proportional feel and feedback are supplied. At first 
glance, however, it would appear that a noticeable amount 
of motion of the control column would be required to open 
the servo valve before fluid could be supplied to the booster 
cylinder. Actually, this is not the case. Fluid is supplied 
through the pressure line at a constant pressure of 1500 
psi. It takes a motion of only approximately five-thousandths 
of an inch to start bleeding fluid through the valve and 
begin movement of the control surface. A total motion of 
's In. is provided and this supplies fluid at a rate far in 
excess of any ever needed for the most rapid motion of 
the surface. 


Thus, immediate response is satisfactorily 
provided. 


The pressure source used is a variable-volume pump, 
electrically driven. Two identical units were provided — 
either of which has sufficient capacity to operate all three 
control surfaces simultaneously. One hundred per cent 
standby -for the power source is thus provided. Since the 
pumps are electrically driven at constant speed, full hy 
draulic power is provided at all times even in the event of 
complete engine failure. A variable volume pump requires 
a short time interval to change from zero output to full 
output. It was, therefore, found advisable to install a small 
accumulator in each control system line in order to allow 
for this time interval and still have the required volume 
instantly demand was made. The small accumulator also 
prevents any noticeable drop in pressure when all three 
systems are operated simultaneously, since they supply the 
required volume until the variable volume pump can swing 
to full throw. Smooth immediate response results no mat 
ter when the demand is made. 

Fig. 4 diagrammatically shows stops built into link S to 
restrict the motion of link P. These stops are actually 
provided by the use of an oversized bushing on the center 
line common to points C and E. The actual oversize 
diameter is 4 in., which is equal to the total motion of the 
servo valve piston. If the pressure source for the boost is 
cut off either intentionally or by failure, direct manual 
control of the surface is thus provided. The control system 
forward of the linkage will move a total of 4 in. before 
moving the elevator surface, but since the total motion for 
full throw of the elevator is 10 in., only a small percentag« 
of the total is involved. 

The electrical switches for the variable pumps are located 
at the flight engineer’s station. In addition, however, indi- 
vidually operated solenoid-type bypass valves are supplied 


all The 


rv | 
or systems. switches for these valves are con 


venient to the pilot and permit him to bypass any sygm 
instantaneously. Another safety feature includes an ay, 
matic bypass valve, which permits the fluid to bypass fro. 
one end of the booster cylinder to the other when 4 
system pressure drops below 100 psi for any reason. 

On the Martin Mars airplane, the booster cylinders » 
located immediately adjacent to the control surfaces. Ty 
servo valves are located approximately ro ft forward of 
booster cylinders. With the two main units of each systep 
so close together, a minimum of piping is required 
single pressure and return line runs from the varia) 
pumps to the elevator and rudder servo valves. This sing: 
line has sufficient capacity to supply both valves for sim 
taneous operation of both surfaces. 

An unusual feature is provided in the automatic by; 
valve on the Martin Mars airplane. The valve was mad 
into a combination bypass and lock valve. It is so arrany 
that, by inserting a key, it is possible to turn the valve a 
trap fluid in each end of the booster cylinder. Since ¢) 
booster cylinder is coupled directly to the control surfae 
this supplies an adequate control lock. The locking « 
rangement is so made that the necessary key is not availab 
for use in the lock valve until a locking block has bee 
installed on the cockpit control element. 





m Basic Characteristic Requirements 


It can be concluded, therefore, that the Vickers powe 
boost control unit is capable of satisfactorily fulfilling a 
the requirements set forth. A load analysis of the linkag 
in Fig. 4 will show that the load from the pilot effor 
transmitted through the control system directly to the con 
trol surface. This force, not being sufficient to operate | 
surface, is augmented by hydraulic fluid under pressu: 
from an external source in a constant proportion. ° 
boost ratio can be made any desired percentage by variatio 
of the relative areas of the servo valve and the boost: 
cylinder. Feedback of the control surface load is int 
same ratio and free control stability can, therefore, 
obtained. In general, in so far as the pilot is concern 
large airplane can be made to have flight control tor 
which correspond to a small airplane with convention 
controls. Smooth, instantaneous response to the pilo 
motion is provided regardless of when it is desired. T! 
cockpit elements are mechanically connected to the contr 
surfaces at all times, thereby assuring manual standby { 
emergency. The pilot maintains full control at all t 
and can quickly bypass the hydraulic power in the event 
malfunctioning. 

Obviously, considerable care must be exercised in | 
detail design of the boost control elements and the installs 
tion in the airplane to provide troublefree operation an 
ease of maintenance. Selection of appropriate hydrav 
fluid also permits operation over extreme temperature rang 

Last but not least, it is a power boost system that can > 
operated by a conventional automatic pilot. By placing 
autopilot ahead of the valve linkage, the power boost reac’ 
to loads from it the same as from the human pilot. Hig 
control surface loads also react through the servo valve a! 
transmit a load to the autopilot which it can easily han 

There is no intention of conveying the idea that otht 
power boost control systems cannot be designed t 
these main requirements. The! Vickers boost system as Us 
on the Martin Mars, however, does illustrate well t! 
tial basic principles for power boost flight controls 
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ince. He was chairman of the SAE Pittsburgh 

1944-1945, and served as chairman of the Com- 

n Operation of Motor Vehicles for the American 
iation during the same year. 


UT of the hardships arising from wartime 

shortages of vehicles, replacement parts, and 
manpower have come some developments that 
are bound to contribute real benefit to future 
operation of fleets. 


Wartime shortages of vehicles and parts, for 
instance, have made many operators conscious 
of the value of preventive maintenance who 
never were before, and, Mr. Page feels, much 
of this knowledge will be remembered and used 


even after vehicles and parts are plentiful once 
more, 


Then there is the very controversial subject of 
wear allowance. At the request of the Army, an 
SAE committee is now studying this problem, 
and the report of this committee should be of 
value to maintenance men. 

Shortages of manpower have also brought 
developments. Driver training programs have 
been receiving a great deal more attention and 
consideration, Mr. Page says, as it is becoming 
realized more widely that lower maintenance 
costs will result from such programs. 





! 
probably be met by enumerating the various 
we are being confronted with today and de 


their effect on current operations. 
t¢ 


- scope of this paper as outlined by the committee 


It also seems 
a reference to post-war plans, particularly as 
iffected by fleet replacement when that time ar- 

| don’t believe the program committee expected me 
a detailed list of today’s problems, for every 
automotive transportation industry has been 


r was presented at the Fifteenth Anniversary Mectiny of 
gh Section of the SAE. Pittsburgh, Pa., April 2? 1944.] 
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hit equally hard by war conditions, and a list of problems 
as I see them would be about the same as other lists. Be- 
cause we are required by regulatory bodies to maintain 
operating records in considerable detail, we may have ac 
cumulated some statistical information not readily avail- 
able in other types of fleets showing effects resulting from 
some of these problems. Later in the paper | will refer 
to those which have any general interest. 


There are lessons that have been learned from today’s 
problems that can be applied to future operations, and the 
future benefits to be so derived may offset to some extent 
the seeming hardships of the moment. 


One of the lasting contributions to greater maintenanc« 
knowledge has been made by the Society of Automotive 
Engineers. Referring to the Transportation and Mainte 
nance Activity in particular, its members have given un 
selfishly of their time and effort in the study and solution 
of many important maintenance problems. Shortly afte: 
the establishment of the Office of Defense Transportation, 
W. J. Cummings, who had been appointed Chief of the 
Vehicle Maintenance Section, ODT, and members of T & 
M Activity developed a close working arrangement be 
tween ODT and SAE to facilitate the study of problems 
which ODT felt would have a vital bearing on the auto 
motive transportation industry in its war effort. During 
the last two years various subcommittees of T & M have 
completed twelve studies which have been widely dis 
tributed in report form by the Office of Defense Transpor 
tation. Other studies are in various stages of completion 
and will be completed in the near future. 

T & M Activity has also been rendering a similar service 
to the Ordnance Department through a joint SAE-Ord 
nance Committee. The Army has already received four 
reports on subjects requested and will soon receive reports 
on two subjects now being worked on. 


The list of subjects reported on by these committees 
show that a tremendous amount of maintenance knowledge 
and experience has been boiled down for the ready refer 
ence and guidance of any one who has use for this mate 
rial. 

One of the most pressing problems arising trom the in 
ability to replace equipment or to secure necessary re] lace 
ment parts is the result of deteriorated vehicle condition 
caused by lack of preventive maintenance in the past. The 
release of the Preventive Maintenance report by ODT tu 
most of the vehicle operators in the } 


oa 
ountry should ha 
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lasting influence on future maintenance practices and 
policies. 

While it is true that practically all of the large fleets 
have been maintained on a preventive maintenance basis 
for years and most of the larger dealers’ service stations 
have had preventive maintenance programs they have 
recommended to their customers, it is also true that not 
more than 10 or 15% of the number of trucks in the 
country are owned by large operators, and, generally speak- 
ing, there are about four and one-half million trucks in- 
dividually owned. A good share of the individual opera- 
tors have in the past treated their truck the way most 
people treat their passenger cars. That is, they never go 
near a garage until there is something definitely to be re- 
paired and the chances are they limit the service to repair- 
ing that particular item and are unwilling to allow the 
service man to sell them a dose of preventive maintenance. 
Besides, preventive maintenance is not very effective if it 
is taken on the dose basis. 

There will be many of these operators who, from their 
wartime experience, will realize the value of preventive 
maintenance, and if a reasonable percentage of these opera 
tors continue to be “preventive maintenance conscious,” 
certainly some future good will come out of this particular 
problem. 

One other outstanding problem that has been with us a 
long time but which has been definitely accentuated by 
the parts shortages is the lack of any reasonable standards 
with reference to wear allowances. There is probably no 
subject in automotive maintenance that affords more ma- 
terial for controversy than- how many miles one should 
get from a functional part, when it should be replaced, and 
so on. Of course, this controversy develops because of 
the variables that have to be taken into account, such as 
the difference in types of operation being compared, to- 
pography of the locality, climate, maintenance facilities, 
replacement policies, and many other influential factors. 
I mentioned above that the Army has asked SAE for sev- 
eral studies, one of which is allowable-wear tolerances. It 
is reasonable to believe that the material developed in the 
study will be of future value to the maintenance man. 
Even if the study no more than provides reasonable bands 
for guidance of an individual’s judgment, I feel that a 
great contribution will be made to our maintenance knowl- 
edge. 

Some of the problems which have become critical are 
now improving or have a chance of improving while the 
war is still in progress. This is not true of the manpower 
problem for it promises to get much worse before it gets 
better. The automotive industry itself is at least partially 
to blame for the critical lack of trained mechanics. 

Many of the dealer repair shops in the past have blown 
hot and cold on their service policies. Few have developed 
shops that were equipped and operated on a basis that 
provided anything but the type of passenger-car service I 
referred to above. I do not include the heavier truck 
shops in this category, but even in this field a lot of their 
work is obtained on a catch as catch can basis. There are 
very few light- or heavy-duty garages that are able to ren- 
der night service and maintenance, but that is certainly 
the portion of the day when the use factor of automotive 
equipment is at its lowest. In the parts of our own terri- 
tory not serviced by our own garages, I know of only one 
dealer who is as much interested in furnishing us with 
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preventive maintenance as he is in selling us 
ment. While there are others that profess this interes . 
facts are that most of their energies have been dirs 
toward the sale of new equipment. This has beep » 
even during the past two years when the only thing 4, 
really have to sell is maintenance and service. 
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If such shops as these would develop a reasonable \y, 
factor of work based upon maintenance of equipment 
would be less affected by the ups and downs of sales) 
umes. They would then be able to provide steadier yy 
at better rates of pay, and this would attract new » 
and keep older men in the industry. Had this condi 
prevailed over the last 10 years we would not have |og, 
many automotive mechanics to the war industries, 

There has been a decided tendency during recent y 
towards unit replacement rather than repair, and this |; 
resulted in training many of our mechanics as partic; 
specialists rather than as all-around mechanics. With 
shortage of rebuilt units the worth of such mechanics }; 
been limited. We can see definitely in the Equitable Ay 
Co., where our ability to upgrade mechanics has been lip 
ited by the extent to which we have developed specialis 
We are probably less affected by this problem in an ¢ 
ganization of approximately 84 mechanics than the avery 
smaller shop with only 15 to 20 men. We obtain pr 
tically all of our mechanics from our own mechanic tra 
ing program. In the past we have allowed an apprent 
to stay at some intermediate stage of development when 
became clear that he did not possess the ability to devel 
journeyman qualifications. It now seems that a bete 
policy would be to urge such an individual to seek emplo 
ment in some field for which he is better fitted so that th 
position vacated could be used for developing a fully « 
complished mechanic. 

The problem of training mechanics in the future ha 
been eased by the training experience and material tv 
has been developed by industry and the Army in meet; 
their war training emergency. 

A problem that has been with us for many years by 
which has become more and more acute with the loss ¢ 
manpower to the armed forces is the necessity for an at 
quate driver training program. Some few operators hat 
been doing driver training work for a number of year 
Our safety-minded friends hay¢g been promoting the subj 
for a long time as a means of improving safety record 
The value of proper driving practices in its effect 
maintenance work has become increasingly clear to mat] 
more operators as the caliber of the driver material ava: 
able has deteriorated. In an operation such as our co! 
service, the loss of trained drivers has had a direct effec 
on the volume of maintenance work. We have found tht 
even drivers of some experience require about nine mont 
to become acclimated to our property and our methods © 
operation. It can be readily seen that the rapid turn-ove 


h| 


in drivers therefore presents a definite training problem 


Fortunately the subject of driver training is now rect! 
ing a great deal more consideration than it ever has in th 
past, and maintenance costs in the future will direct| 
benefit from improvements in driving practices. Within: 
few months you will be able to read some splendid artic 
in your trade journals that will present this problem “ 
considerable detail. 

The inability to buy replacement equipment has * 
quired the operation of many pieces of equipment 60 
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The curves ot a group of vehicles are, of course, smoother 


than for individual vehicles. The pattern of the curves 
from this study is generally the same for the various groups 
that | have checked se I will quote only one example for 
/>-ton truck and one for passenger-car groups. 

A group of half-ton panels at the end of 70,000 miles 
cost us 1.76¢ per mile for maintenance and depreciation. 
The maintenance and depreciation cost per mile is gen 
erally flat out to 120,000 miles, where it reaches 1.85¢. 
This increase ot 0.09¢ per mile over 120,000 miles has cost 
us $108 above average costs. Assuming 70,000 miles as 
the most economical trade-in point, we have run 50,000 
miles beyond that point at an increased cost of $108 or 
0.22¢ per mile. 


Adding 0.22¢ per mile to our most eco 


nomical cost of 1.76¢ per mile is an increase of approxi 
mately 12.5%. At 70,000 miles our maintenance cost per 
mile was 1.05¢ and depreciation 0.71¢, while at 120,000 
miles maintenance cost per mile increased to 1.31¢ and 
depreciation decreased to 0.54¢. In this case the decreased 
depreciation cost has offset the increase in maintenance 
cost except for the 0.og¢. In this group of vehicles the 
additional mileage was developed in approximately 1! 
years. Their average cost was $892. 

From the same type of analysis of a group of passenger 
cars we found that our maintenance and depreciation cost 
at 40,000 miles was 1.8¢, whereas at 70,000 miles it has 
increased to 1.89¢ or 0.09¢. 


The 0.09¢ for 70,000 miles 
amounts to $63.00. 


Assuming 40,000 miles as the most 
economical trade-in point, we have run 30,000 miles be- 
yond that point at an increased cost of $63 or 0.21¢ per 
mile. Adding 0.21¢ per mile to our most economical cost 
of 1.8¢ per mile is an increase of approximately 12%. 
These cars were about three years old at their most eco- 
nomical trade-in point and are now slightly over five years 
old. 

From these figures we can draw the conclusion that the 
previous practice as to the most economical trade-in point 
was approximately correct and they give us an approximate 
figure of how much maintenance costs have been increased 
in running vehicles to this extended period of time and 
miles. The 12.5% and 12% figures developed in this study 
are not offered as yardstick figures because a difference in 
type of operation or a variance in maintenance standards 
could change them materially. To us they show that our 
maintenance costs for extended life have so far not in- 
creased by an unreasonable amount. However, since the 
war seems to be a fong way from being over the trend ot 
these curves would indicate that this figure will continue to 
increase with increased age and mileage. 

In taking the first point at which the lowest maintenance 
and depreciation cost per mile is reached I have not in 
cluded the increment of cost arising from the greater in 
vestment in equipment when replaced at an earlier age. 

In the case of the half-tons cited above, replacement at 
the 70,000-mile point would result in an average fleet con- 
dition of 80%, whereas replacement at the 120,000-mile 
point would represent an average fleet condition of 65%. 
This is based on 40 and 70% depreciation for the respec 
tive points. For vehicles costing around $892 an average 
condition of 80% requires 15% greater investment than a 
fleet which averages 65% condition. 
$134 which at 5‘ 


This amounts to 
© interest costs $6.70 per year. 

I am sure anyone who has had experience with drivers 
and their care of new appearing equipment versus some- 
what older equipment will agree that it would not be dif- 
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ficult to recover this $6.70 per year it he were able to y; 


his vehicles at slightly over two years of age rather th; 
four years of age or older. 

One thing that can’t be overlooked when one js able 
review the detailed cost history of vehicles from their dy 


of purchase is that there are many factors besides the §; 
cost of a vehicle which should influence one’s choice 
equipment. The record for the groups of high-milea 
half-tens referred to previously shows that gasolin: 
cost approximately twice what the vehicles cost and ¢} 
cumulative maintenance expense has also been double ; 
cost of the vehicle. On this basis a 20% increase in py 
chase price could be offset by either a 10% reduction 
maintenance or a 10% reduction in gasoline consump 
In offering the next thought with reference to one , 
the reasons why the automotive transportation industry 


having some of its troubles, I wish first to pay tribute 
all the sales engineers who in the sale of their product a 


critical of the application to which the vehicle is to 
applied. 

There is a natural tendency for the sales engineer, in; 
desire to close a sale, which may unfortunately hinge up 
the money to be invested, to take the position that } 
16,000-lb axle is as good as the competitor’s 18,000-1b ax 
and so on. Unfortunately, the majority of the truck ; 
chasers are in no position to analyze their own applicatio 
and must, therefore, place a considerable amount of dep 


dency on the sales representation. While I don’t mean : 


say that the large fleet operators do not have to pla 
confidence in the people from whom they are buying, t! 
are gencrally, because of the amount of equipment 
volved, able to provide personnel for the analysis of t! 


vehicle applications. With someone who has the training 


to work out grade-ability problems, load-distribution pr 


lems, and the like, it is a comparatively simple matter: 


determine the relative merits of competitive designs a 
in such cases a difference in first cost will not have 
undue bearing on the decision. 

The average large utility fleet is a fair example of wi 
[ have in mind and to the best of my knowledge ther 


very few of these operators who are in very bad operatin, 


condition at the present time. I feel that this is direct 


attributable to the correct application of the vehicle t 
particular work to be done. I can offer a very g 
example of how an incorrect application can be costly a 
a maintenance burden. In the opening of a new mine 
knew that a certain amount of rock and slate had ' 


disposed of, and it looked as if the type of vehicle that ha 


been used for ash disposal at our power stations would 
the job. Of course, it required a heavier rock body bit 
payloads were fairly comparable. However, 
vehicle had been put in service the mine built a new 0} 
which required picking up the rock down near the 
bank and hauling it over a red dog road up a 30/0 £! 
to the top of a hill for disposal. In this case a 
designed to haul six tons of cinders has a body that 
nine tons of rock and the truck actually has an ability 
carry about four tons of load up this grade. The mune, 
course, loads on all the truck will hold so that the ved 
is down for repairs about as much as it works. We 4 
spent enough money on transmissions, differentials, 4 
and the like, to have bought twice as heavy a truck | 
with. We can’t blame this error on the sales enginc¢'s, 
changes in operating conditions were responsib! 
case, but I feel that there are many times when ¢/r0rs 


alter 
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be avoided in the application of equipment 








blem that we see developing arises from the esti- 
ves being requested by the manufacturer as to probable 
post-war requirements for replacement vehicles. 







to require careful handling by the fleet operator 
slacement budgets and maintenance schedules 
me. With no end of the war in sight, maintenance 
cations are now generally directed to keeping equip 
first-class condition. Some of the present-day 
e expenditures on older equipment are so 
they will of necessity push the replacement 
vehicle back considerably. The manufacturer 
| that many of the operators will not be crowding 
livery line until they have had a chance to run 
' their vehicle condition if new production is 
esumed without considerable advance warning. This may 
splease them but it can readily upset loose optimistic 
ites that have been given as to what the need for new 

m equipment will be. 
















I have a 
The rubber 
nservation program has had quite an effect on our tire 
following figures illustrate this point. 


Today’s Problems” 
statistical figures that may be of interest. 


leaving the theme “ 














’ Number of Tire Cost 
m Year Miles New Tires Costs, $ per mile, ¢ 

Be rogr 10,601,214 2,200 18,336 0.17 

1942 8,714,826 351 17,684 0.20 

42 8,090,560 943 29,210 0.36 





The tact that we bought 351 tires in 1942 and 943 in 

1943 shows that we have been living off our so-called “tire 
the 943 tires purchased in 1943, approximately 

® one hundred were used casings for recapping. The extrav- 
= agant economy of extensive repairs and present grade mate- 
shown by the doubling of the cost per mile since 
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\nother gure that may be of interest shows the effect 
two years of wartime operation on our total operating 
mile. This cost has increased 25% from 1941 to 

Since during this same period mileage has decreased 
proximately 24% I am unable to tell you exactly what 
increase results from increased costs of 
tion and maintenance and what part of the increase 
Its from reduced mileage. I would estimate that ap 
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ximately 17% is due to increased cost and 8% due to 
luced mileage. 
in closing I would like to turn briefly to the “Tomor- 





ws Expectations” 
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part of our theme. Gavin Laurie has 
operators’ point of view on the post-war truck.! 
emed to be considerable uniformity on the part of 
crators represented in the questionnaire that was the 
the Laurie paper, with reference to their feelings 
system improvements, electrical-system improve- 
and rustproofing of vehicles. Emphasis through 
will probably be required of the operator if these 

ire to receive the attention they deserve. There did 
to be a desire to redesign and re-engineer the 

truck completely. 
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tion. It is that truck manutacturers get together on a 
standard form for truck specifications and that they agre« 
on certain fundamentals that are necessary in determining 
the rating of a vehicle. This would, of require 
their advertising departments to be less careless with facts. 


necessity, 


To illustrate this last point one ot the quantity producers 
of light trucks show in their data book for '4-ton light 
delivery panel trucks that the loaded weight on the front 
wheels is 1715 lb and the loaded weights on the rear wheels 
is 2685 lb. They recommend 6.00-16 four ply tires which 
they rate at 990 lb with 32 psi of air. This tire 
gives 1980 lb for the rear wheels or 705 lb under the loaded 
weight on rear wheels of 2685 lb, an overload of 35. 
You can buy the truck with 6-ply tires which gives a rating 
of 2130 lb compared with a load of 2685 lb, an overload of 
555 lb or 26%. From the tire data just given, the job 
begins to look more like a %-ton truck than a 4-ton truck. 
OPA seems to be taking the truck manufacturers’ rating 
more seriously than the tire manufacturers’ rating and we 
are many times compelled to take a 4-ply passenger tire for 
use on a truck carrying its full 4-ton load with the result 
that short tire life on the vehicle defeats the purpose of 
conservation. 


capacity 





Vapor-Lock Tests 


continued from page 87 


Oil Co.; I. M. Harlow, Tide Water Associated Oi1] Co 
(Associated Division); D. N. Harris, Shell Oil Co.; G. W. 
Harry, A. C. Spark Plug Co.; W. H. Hucka, 


General 


Petroleum Corp.; H. C. Hunter, Gulf Research & Develop 
ment Co.; A. R. Isitt, Shell Development Co.; C. E 
Knight, General Motors Overseas Operations; FE. | 
Koenig, Texas Co.; J. S. Lanhan, Ford Motor Co.; A. 
Lenz, Sinclair Refining Co.; C. J. Livingstone, Gulf R« 
search & Development Co.; F. J. McAdams, Standard 1] 
Co. of Calif.; J. H. MacPherson, ee Oil Co. of 
Calif.; A. G. Marshall, Shell Oil Co.; G. T. Moore, Stand 
ard Oil Co. (Indiana); D. H. a Standard Oj] 
Development Co.; J. G. Moxey, Jr., Sun Oil Co.; Joseph 
Oberhollenzer, Cities Service Oil Co.; Jack Palmer, 
Chrysler Corp.; R. S. Palmer, Sun Oil Co.; A. R. Pierce, 
National Bureau of Standards; A. L. Pomeroy, Atlantic 


Refining Co.; R. I. Potter, Standard Oil Co. (Ohio); E. B 
Reynolds, Standard Oil Co. of Calif.; M. §S 
Union Oil Co. of Calif.; R 
Ethyl Corp.; 


Reynolds, 
. Rice, Ethyl Corp.; T. H. Risk, 


Rochee, General Motors Overseas Oper 


ations; C. H. Roeder, National Bureau of Standard: 
C. G. A. Rose, Caterpillar Tractor Co.; J. R. Schmitt, 
Standard Oil Co. of Calif.: Jacob Sitea, Ford Motor Co 
A. Smith, Bendix Products Division: S. S. Soren, Shel! 
Development Co.; R. S. Stewart, cy Institute: R. F 
Streets, National Bureau of Standards: H. N Taylor, Stand 
ard Oil Co., Whiting, Indiana; J. E. Taylor, Gulf Researc] 


& Development Co.; J. B. ’ 
Gilbert Way, Ethyl Corp.; J. 
White, Ethyl Corp.; 
G. M. Woodall, € 


Tobey, General Petroleum Corp. 
Webb, Shell Oil Co.: C 
N. A. Wood, Union Oil Co. of Calif.: 
xeneral Motors Overseas Operations 
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ADEQUATE PISTON COOLING 


EVERAL years ago diesel engines reached the stage of 

development at which the combustion temperatures 
and heat stresses encountered were high enough to demand 
the serious attention of engineers in designing suitable 
pistons and cylinders. Since the excessive temperatures 
were affecting the physical properties of the materials 
commonly used in the fabrication of engine parts, some 
method of cooling these parts was necessary before further 
increase in specific power output or reduction in weight 
could be made. 

Engine designers solved this problem in various ways, 
according to their preferences, by providing better mate- 
rials and mechanical methods of cooling pistons, rings, and 
cylinders. Some engine manufacturers preferred, as in the 
aluminum piston, to use a relatively generous heat path to 
the piston rings, thence to the cylinder and water jacket. 
Others incorporated cooling by oil, using rifle-drilled con- 
necting rods or oil jets. 

The General Motors Research engineers, faced with the 
need for a solution for the severe conditions obtained in a 
two-cycle diesel, felt that one method was found to be 
superior to all the others which were tested — direct oil 
cooling — hence the purpose cf this paper is to give a brief 
history of the two-cycle, oil-cooled diesel piston develop- 
ment within our corporation. 

It should be remembered that the diesel engines dis- 
cussed in this paper are of high specific output and there- 
fore the requirements are not to be compared to those 
engines which are relatively low in output. Many present- 
day diesels develop as little as 0.05-0.1 hp per cu in.- 
especially those for stationary installations, while many 
vehicle and marine engines are rated at 0.15-0.25 specific 
output. Usually, the heat problems on pistons of such 
output are not sufficiently severe to require much attention 
to the principles of temperature control as outlined in this 
paper. When the specific output of a diesel is raised above 
0.3 hp per cu in. and especially above 0.4, there is no choice 
other than definitely to control the piston temperature. 

Since several different piston designs were used under 
various operating conditions and since the tests were made 
over a long period to furnish the data to be presented, 
thermocouples were not aiways installed in exactly the 
same location or in the same manner; therefore proper 
comparisons of temperatures between the graphs can not 
be made. 


All mean effective pressures used in this paper are on 


(This paper was presented at the SAE National Diesel — Fuels and 
Lubricants Meeting, Chicago, May 17, 1944.] 
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a two-cycle basis and should be doubled for four-cyck 
comparison. 


m 8!/, x 10 and 8 x 10, Two-Cycle Diesel Engines 


One of the first diesels in which General Motors was 
interested was an 8 x 10, four-cycle engine built by Winton 
As made at that time, the specific output was very low by 
comparison with present-day General Motors diesels, 
aluminum pistons without oil cooling were used. After 
considerable development, leading to improved injector 
mechanism and the use of a two-stroke cycle, the specific 
output was nearly doubled. 

Later, when a further increase in power was required, 
the development of an 84% x 10, two-cycle diesel was 
started; this led to the present “567” Electro-Motive rail 
road engine. It was recognized that only by reducing the 
heat stress on the piston could the specific output be raised 
and the weight be reduced, consequently, our Research 
Laboratories started an investigation to determine the 
relative effectiveness of oil cooling on aluminum and 
pistons, and the comparative effectiveness of the two 
methods commonly used. A separate jet to direct and 
meter the cooling oil to the piston was installed and was 
expected to show improved control over the other method 
of oil ejected from the top of a drilled connecting rod 
However, it was soon found that even when a jet ol 2 
was directed against the inner surface of the aluminum 


iron 





NCREASING engine outputs have required 
methods to control the piston temperature. The 
work presented in this paper shows one successtl 
means through the use of a piston of low conduc 
tive, correlated with an appropriate rate of piston 
cooling oil from the engine lubrication system. 


The effects of coolant temperature, load, and 
speed over the prope'ler load curve, and a piston 
baffle, on piston temperatures are investigated by 
thermocouples silver soldered in a 6 x 6!/2" 
diesel, two-cycle piston. Tests indicate that the 
rate of cooling oil does not have to be excessive 
to secure adequate cooling. Substantiating date 
from an 8 x 10-in. diesel engine are given 
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ans Of Piston Temperature Control 
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temperature above the rings was not materially 
B® edu ; shown in Fig. :. The excellent conductivity of 


num produces very little temperature gradient 


© between the rim and this area above the rings, whereas a 


large gradient is found across the ring belt itself. Most of 
the heat must, therefore, pass through the piston rings; this 
has been highly conducive to sticking rings, blowby, and 
E excessive ring wear. A typical large-bore diesel, aluminum 


piston is shown in Fig. 2. 


® An iron piston, on the other hand, has an éntirely 
® different characteristic, as indicated in Fig. 1. The rim 
me temperature is slightly lower than with the highly con 
juctive aluminum alloy, but the important difference is 
B® the considerable reduction in temperature “above the 
® rings.” At 100 bhp, the iron piston is 190 deg cooler at 
® this critical location. Another way of stating this advantage 


f the iron piston is that the big temperature gradient is 
in the heat dam, whereas, with the aluminum piston, the 
® gradient is across the rings. Referring to Fig. 2, the 
lifference in heat paths can be readily seen. 

= The term “iron” is used to cover such materials as cast 
® ‘ron, malleable iron, and stecl, as required by strength and 
= manufacturing considerations. 

{ second advantage of the iron piston is the retention 


® of strength at operating temperatures. We know that the 


hysical characteristics of aijuminum alloys drop rapidly 
within the very temperature range at which piston must 


-t 


function. The data for Fig. 3 were taken from the hand 





Stee! piston designs for use with jet oil cooling 
are shown. These are for the 6-in. diesel on which 
most of the data for the paper were taken. 
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m Fig. |-Comparison of aluminum and iron piston tempera- 
tures in an 8!/> x 10-in., two-cycle engine, with 2.3 gal per min 
of cooling oil in both cases 


book, “Alcoa Aluminum and Its Alloys.” While tensile 
strength is used here, fatigue strength, on which data are 
not available, is recognized as being more important in 
piston design; and it is known that the fatigue strength is 
probably less than half the tensile strength. The advantage 
of utilizing steel for pistons lies in the characteristic that 
the strength of a steel piston is not materially affected at 
the temperatures encountered by combustion, provided 
adequate piston cooling is maintained to keep piston rings 
cool and to dissipate heat from the head. 

The effect of rate of cooling oil from an oil jet is pre 
sented in Fig. 4, showing temperatures with and without 
a baffle. This is for an 8 x 10, two-cycle diesel engine; such 
data not being available on the slightly larger 8 x 10. At 
half a gallon per minute the curves cross, indicating how, 
at lower values, the baffle actually obstructs the cooling oil 
thrown naturally from the crankshaft from having any 
beneficial effect. But when more than half a gallon per 
minute is used, the baffle is shown to be beneficial because 
it retains the coolant through a “cocktail shaker” action. 
Data to be presented later in this paper will show that the 
baffle plate is not beneficial to ring temperature control in 


high-speed engines. 


m= Model 7!, Two-Cycle Diesel 


Following the successful development and use of the 
oil-cooled iron piston in the 8, x 10, two-cycle diesel, the 
principle has been followed in the design of other diesel 
engines. For example, Fig. 5 illustrates the application to 
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a Fig. 2A_ (extreme 
left) — Typical alumi- 


num, diesel piston for 
8'/y x 10 in., two-cycle 
engine 
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m Fig. 28 (left) - 

Typical iron, diesel 

piston for 8!/2 x!0-in., 
two-cycle engine 





m Fig. 5—Method of oil cooly 
the Model 71, two-cycle diese!) 
piston 





the Model 71, two-cycle diesel. Here the cooling oil is 
ejected from the top of the connecting rod on to the under 
side of the iron piston having a typical heat dam. Because 
an oil pressure change could be made only by varying the 
engine supply pressure, the relationship between rate of 
cooling oil flow and piston-head temperature (Fig. 6) was 
made at 800 rpm, full load. The gallons per minute are 
spotted at points on the curve for which the data were 


To bring out the tremendous need for oil cooling as 
specific power of an engine is increased, the following ut 
gives data for three horsepower ratings for the Model - 
6-cyl diesel engine. These three ratings are all above 2 
rpm. “No oil” conditions were attained by plugging ' 
top of the connecting rod. 

Temperature at Cente 
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end 74.6 bhp 1See “Development of a Light-Weight Diesel Engine 


Fetters. Presented at the SAE Diesel-Engine and Fuels & 
— Meeting, Cleveland, June 3, 1943 
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b- Effect of rate of piston cooling oil on piston tempera- 


for a Model 71, two-cycle diesel, iron piston at 800 rpm and 
full load 


of the thrust 
The heat dam between th« 
kirt is used as in the previous examples. 


usefulness and effectiveness 


be discussed later. 


. ton cooling oil similar to the baffle in the 84 x 10 


ing is effected by means of a pee pipe (Fig. 


co 


Ss 


lirects an oil jet at the under side of the piston. 
supplied with engine lubricating oil by the 
ly pump. 


J 


y; 


temperatures wer2 obtained by iron-constantan 
ouples, silver-soldered in holes in the piston at th« 
locations and the wires were led along the piston 
| skirt to an insulated block at the bottom of the 
ch held the contact springs. These springs wer 
th silver-alloy pads which slid on the cylinder wall 
ost of the piston travel and toward the end of the 


eal 


st: assed over the edge of the liner to silver pads held 
ir insulating block (Fig. 9) bolted to the engine 
tral Fig. 10). This method was utilized to dampen 
peprng vibrations, which become quite serious in a high 
5 ngine. To find the operating temperatures of the 
fin. diameter all-steel piston, these iron-constantan thermo 
q were installed in the center of the crown, in the 
Bead land above the top compression ring, in the bottom 
mt t! ring groove, and in the skirt. With the exception 
Dit ermocouple in the crown, all thermocouples wer« 
pia n the thrust side of the piston, since this was con 
=) be the most critical location. 


g. 7-Oil - cooled, 

steel piston for 6 x 6!/2- 
c ancake," two- 

ycle diesel engine 








a Fig. 8 — Cooling-oil jet in single-cylinder, 6 x 6!/2-in., two 
cycle diesel test engine 


At rated load and speed (0.55 ihp per cu in. at 1800 


rpm), the average head teinperature was 400 F, top land 


temperature 375 F, ring groove temperature 310 F, and 


skirt temperature 200 F, as shown on Fig. 11, in which the 
ring belt has been hinged upward to the left to allow a 
continuous temperature plot. These are relatively low 
piston temperatures and were obtained by using a pee pipe 
delivering 2 gal of cooling oil per min at 28 psi pressure 
to the underside of the piston. As this rate of piston 
cooling-oil flow is equivalent to that used in the standard 


production, multicylinder “pancake” engine, these piston 





a Fig. 9—Thermocouple block (stationary) for single-cylinder 
x 6!/2-in., two-cycle diesel test engine 





bottom 
two-cycle diesel engine 


10—Thermocouple contact 
stroke in 6 x 6!/2-in. 


a Fig. arrangement at 
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m Fig. |! —Temperature gradient of piston for 6 x 6!/2-in., two- 
cycle diesel engine 


temperatures probably represent service operating con 
ditions. 

One curious phenomenon 1s that, if the engine is run at 
constant load and speed all day (9 hr), the piston temper- 
ature readings do not vary over 5 F. However, the follow- 
ing day if the engine is again brought up to the load and 
speed of the previous day, with no changes in the test 
set-up, the piston temperatures will often vary as much as 
20 or 30 F from the data of the preceding test run and 
will maintain such variation until the engine is stopped. 
Since the variations from day to day are not uniform nor 
ic the same direction, the only explanation that can be 
offered is that the piston temperatures are quite sensitive 
to slight changes in running conditions, ring seating, wear, 
varying degrees of blowby and hours of operation. For 
this reason, the following curves should not be too closely 
compared but rather the trend and relative relationship on 
each curve should be considered. 

Generally speaking, pistou temperatures vary with load, 
speed, coolant and oil temperature, and the amount of 
cooling oil supplied. Variations in load and speed are the 
principal factors. Changes in coolant temperature, oil 
temperature, and quantity of piston cooling oil above a 
certain minimum amount have small effect on the piston 
temperature. 

The effect of changes in jacket or coolant temperature is 
in the direction expected, as shown on Fig. 12. Head 
temperature and groove temperature are little affected, 
whereas a slight increase in skirt temperature is found. 
The data are for a standard piston with a thrust plate and 
2 gal per min of cooling oil delivered through the oil jet 
under an output of 120 imep, two-cycle, or 0.55 ihp per 
cu in, 

A rise of cooling-oil temperature on the piston tempera- 
ture is more effective. Fig. 13 shows the increase in piston 
temperature as the temperature of the cooling oil supplied 
to the piston is raised. 

The predominant factors influencing the temperature of 


Table 1 — Effect of Speed and Load on Piston Temperature 
for 6 x 614-In., Two-Cycle Diesel Engine 


Rom 1000 1200 1400 1600 1800 1800 
Load 0 0 0 0 0 120 
Head 237 252 265 272 292 340 
Ring Groove 223 236 249 255 272 305 


Skirt 210 215 222 230 250 267 
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a Fig. 12 -—Effect of coolant temperature on piston tempers 
for 6 x 6!/2-in., two-cycle diesel engine at 1800 rpm and 0.4/5 
per cu in. 

































































PISTON TEMP °F 














































} } J 
ane Be eeesee 


} 4+ + 


-4 +— 
$—+—++ + 
+ + 


TO 180. 190. 200 210 220 


a 
A a 4 











PISTON COOLING OIL - TEMP. °F 


m Fig. 13 —Effect of cooling-oil temperature on piston temper 
ture for 6 x 6!/2-in., two-cycle diesel engine at 1800 rpm and} 
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m Fig. 14— Piston temperature over propeller load range fo"! 
6!/2-in., two-cycle diesel engine 













piston and rings are variations in speed and load. Fig. 
shows that there is a steady rise in temperatures 4 ™ 
speed and load are increased on the propeller load ©" 
Note that there is a 76-deg increase in head temperatl® 
a 55-deg increase in ring-groove temperature, and a 5° 
increase in skirt temperature. Over the same speed 1% 
at no load, the data in Table 1 show the head to m*§ 
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¥ Fig. 15 — Effect of rate of piston cooling oil on piston tempera- 


e for 6 x 6!/2-in., two-cycle diesel engine, with thrust plate at 
1800 rpm and 0.41 bhp per cu in. 
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mB Fig. 16- Effect of rate of piston cooling oil on piston tempera- 


ee tor 6 x 6!/2-in., two-cycle diesel engine, without thrust plate 
at 1800 rpm and 0.41 bhp per cu in. 


pec, the ring groove 49 deg, and the skirt 40 deg. If now 
20 mep or 0.55 ihp per cu in.) 1s applied while 
penning, the head rises an additional 48 deg, the ring 
deg, and the skirt only 17 deg. Hence, we may 
that the more critical parts of the piston, namely, 
ind ring belt in this piston are about equally 
peiccted by these variations in load and speed, while the 
ch more sensitive to changes in piston speed 
an it 1s to load. 
the time at rated 
peed, a quick stop was made by letting the 
eter load remain as set and rapidly moving the 
| the no-fuel position. At the instant the engine 
¥ed tell off, the temperature of all thermocouples began 


‘ower, with the temperatures of the head and ring belt 


inning engine for some 
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m Fig. 17 —-Comparison of head temperatures from Figs. |5 and 16 


dropping slightly taster than that of the skirt, and con- 
tinued to lower until the engine cooled down. This test 
was repeated several times and at no time were there any 
excessive temperatures in che piston due to residual heat 
or other factors. 

As a whole, the steel piston of the 6 x 6'-in, diesel may 
be termed a cool-running piston. There never have been 
any dangerously high temperatures recorded when running 
at rated load, or even at 25“ overload (0.69 ihp per cu in.) 
when the engine conditions were standard, that is, jacket 
temperature 160 F, oil-in temperature 160 F, and the flow 
of cooling oil to the piston in the vicinity of 2 gal per min. 

Originally, the thrust plate was incorporated mainly for 
the purpose of transmitting the thrust load on the skirt, 
which was purposely made light and flexible. As pre 
viously pointed out, this type of baffle was found to b 
extremely helpful in piston cocling during earlier develop 
ment work on the 8 x ro and the 8% x 10 diesels, which 
had the relatively low rated speed of 750 rpm. It will be 
recalled that below a critical rate of oil flow from the 
cooling jet, the cooling effect obtained from the oil retained 
by the baffle is no more than would be obtained from oil 
normally slung around in the engine or from the normal 
cooling properties of the crankcase atmosphere. These 
results indicated that, in high-speed engines, such as the 
6 x 614, operating at 1800 rpm, the “cocktail shaker” effect 
may be detrimental rather than beneficial at high speed 
and load, consequently, tests were run to determine just 
how effective the “cocktail shaker” action is. 

The elimination of the thrust plate and the utilization of 
the flexibility of the skirt showed no ill effects regarding 
the 


cooling-oil supply is reduced, there is a marked difference 


scoring and mechanical strength. However, when 
in the piston temperatures with and without the thrust 
plate in place. Fig. 15 shows the effect of various amounts 
of piston cooling oil supplied to a piston with a thrust plate 
when running at 0.55 ihp per cu in. and 1800 rpm. Notice 
that below 1.8 gal per min, there is a steady rise in. piston 
temperature and at 0.8 gal per min, the slope of the curve 
becomes quite steep. 

The same plot for a piston without the thrust plate 1s 
given in Fig. 16. If the curves are plotted so that corre 


sponding parts of each graph are together, as in Figs. + 
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a Fig. 18- Comparison of ring-groove temperatures from Figs. 


15 and 16 


18, and 19, the effect of removing the thrust plate is clearly 
shown. Note that when the “cocktail shaker” action is 
removed from the piston, the head temperatures are con- 
siderably higher but the temperatures at the ring belt and 
skirt are much lower. This phenomenon, we believe, can 
be explained by the fact that the oil coming into contact 
with the underside of the head was absorbing a good deal 
ot heat. Because of the shaker action of the thrust plate, 
some of this heat was transferred to the cooler parts of the 
piston, namely, the ring belt and skirt which are below the 
heat dam. The construction of the piston (Fig. 7) is such 
that the oil jet is directed across the head by the small oil 
deflector welded to the trunnion support. When the thrust 
plate is removed, the oil which has been heated by contact 
with the piston head is permitted to fall directly out of the 
piston and is not retained to splash against the walls. 
Additional cooling of the skirt and ring belt is also pro- 
vided by copious quantities of cool oil flying around inside 
the crankcase. This oil would otherwise be kept out of 
the piston by the baffle action of the thrust plate. The 
eficacy of the thrust or baffle plate for retaining cooling 
oil can be construed primarily as a function of engine 
speed. It is obviously beneficial to a slow-speed engine 


such as the 8 x 10 diesel, but ‘s of little or no value on 
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COOLING OIL GALS. PER MIN 


a Fig. 19- Comparison of skirt temperatures from Figs. 15 and 16 
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PISTON TEMP. °F 





4 
CCOLING OlL GALS. PER MIN. 





m Fig. 20 — Effect of rate of piston cooling oil on the temperciy) 
of an automotive-engine piston at 60 mph, road load 





higher speed units such as the 6 x 6/2 diesel or high-sp fii 
gasoline engines. 
The use of iron or steel oil-cooled pistons becom 
question as to the relative merits of jacket-coolant abso 
tion of piston heat by way of ring and wall transfer agan {ype 
direct oil absorption necessitating extra oil-cooler capacn fi 
Many engineers believe that relatively high rates of oil foam 
are required to provide adequate piston cooling and ; 
to data taken on engines using aluminum pistons. If; 





high rates are required, it can be argued that the poral) 
requirements of the lubrication system, the addit % 

complexity of engine design, and the larger oil cooljiiiml 
would make it useless to attempt to get more power outpz 

or improved operation by this means. In our exper 


on diesels, the best practical solution has always been ! 
use of the iron or steel, heat-dam, oil-cooled piston. Mo 
aluminum pistons have a generous heat path from 
head to the ring belt, allowing the heat to flow out thr 

the rings. With this design, the rings obviously are 
much hotter than if there were a heat dam between tht 
and the head, and also it is more difficult to cool the pis 

at the ring belt by oil flow. In contrast, the steel pist ; 
the 6 x 6% diesel has a heat dam to minimize the trar 
of heat to the ring belt, thereby retarding lubricating 
breakdown, which can cause ring sticking and sim 
difficulties. 

So, a most important object of this investigation was 
determine whether an augmented quantity of oil co 
give beneficial results in a piston that is designed for! 
purpose. If a high rate of oil flow is not necessary, " 
oil-cooler requirement is reduced. 

One of the most disturbing factors in this investiga 
was the lack of knowledge of the quantities of cooling z 
that were actually entering the piston and removing b 
The only measurable quantity of cooling oil is that w2 
comes out of the pee pipe and the percentage of % 
amount that reaches the inside surfaces of the piston 
entirely in the realm of conjecture. 

For this experimental investigation, it was not feasible’ 
disassemble the engine to change orifice sizes in the > 
pipe to vary the quantities of oil delivered for coott: 
because of the many disturbing elements involved w¥ 
such an operation is undertaken. The easiest, most obv!04 


SAE Journal (Transactions), Vol. 53, No! 











to put a valve in the pee-pipe supply line to 
oressure on the jet. This was objectionable for 
isons. As the oil pressure is lowered, the maxi- 
ty of the piston exceeds that of the oil and, 
y, during portions of the stroke, the piston 
receiving oil, is receding faster than the oil is 
+. A second complicating factor is the mass of air, 
ich is forced ahead of the piston on the down stroke, 
break up and deflect the path of the oil jet 
pee pipe. On a slow-speed engine with a 
arge crankcase, it is possible to see the oil stream 
1s the density and movement of the atmosphere 
head of the piston affects it. With higher speeds, however, 
xtremely difficult to get a clear picture of what 
zppens because the quantities of oil flying around in the 
ec are such as to obscure any object in the vicinity 

ing parts. 
By referring to Fig. 4, from an 8 x 1o diesel, it will be 
oted that as the rate of oil reaches approximately 2 gal 
curve becomes very flat and additional 
mounts of oil have relatively small effect on piston tem 
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This checks the results in the case of the 6 x 6% 








jesel, as can be seen in the curves previously discussed. 
NiMore evidence can be offered through a test on an auto 
otive gasoline engine running at 60 mph, road load, 
yuipped with piston thermocouples and a pee pipe, all 
ther parts remaining standard. Fig. 20 shows that there 
a steady reduction in piston temperature (at center of 
ead) as cooling oil is supplied until the oil flow reaches 
.45 gal per min, after which point no further appreciable 
eduction in temperature 












is achieved regardless of the 





uantities of oil supplied. 

Since the results were identical on three widely different 
Ingines, we may conclude that the amount of oil that can 
effectively used to cool a piston is rather critical, and is 
ot at as great a rate as many have believed. The mini- 
1um points, of course, vary with different types of engines, 
istons, materials, and so on, but the fact remains that 


1 
roner 











y designed, oil-cooled steel pistons do not require 
eA CCSSIVE floods of oil. 






1 order to determine precisely how much cooling oil is 
red for satisfactory operation, several tests were run 

184, single-cylinder, two-cycle diesel using reduced 
unts. The orifice in the cooling pipe was calibrated on 
bench test to measure the rate of oil flow. Since the 
Bolin” temperature was maintained at 160 F, it was 
ecessary only to have a static pressure take-off in the oil 
just before the orifice. The relationship between pres 












ire 

















was ind oil flow remained censtant on both the bench and 
| coulllmme engin 
for tim For purposes of demonstration, a standard piston with 
ry, | t thrust plate was run in the engine at 0.55 ihp per cu in. 
ind 1500 rpm, with two gal per min of cooling oil. Pictures 
gat ie the thrust and antithrust sides of the piston after run-in 
ling anc 20 hr are shown in Figs. 2rA and 21B. The piston is 
ig he © cxcellent condition with all rings clean and free. 
wh p ‘he results of a test run without piston cooling oil are 
of Bown in Figs. 22A, 22B, and 22C. This piston was run 
ston tthe same output and speed with the piston cooling oil 
empletely shut off. The engine continued running for 514 
sible ! ‘ belore the piston failed by scoring badly enough to slow 
he fe He engine to half speed. Both sides of the skirt are very 
cooliis . d and burned. The head has become so hot that 
| whet r where the metal was thinnest between the ribs, 
ybvi08 0K to burn through. The inside of the piston is 
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a Fig. 21A — Thrust 
side — 6 x 6!/2 - in., 
two - cycle diesel, 
steel piston after 24 
hr at 1800 rpm and 
0.41 bhp per cu in. 
with 2 gal per min 
of piston cooling oil 


a Fig. 21B — Anti- 
thrust side of piston 
shown in Fig. 21A 





badly caked and very dry. Evidently, all these effects wer 
cumulative when viewed upon inspection. 

The next test was run with new parts using only 0.25 to 
0.3 gal per min cooling oil. After 20 hr, the piston ap 
peared as in Figs. 23A and 23B The thrust side is in very 
good condition, while the antithrust side is beginning to 
show dark varnish deposits. The underside of the head is 
dark but quite clean. The top ring is slightly stuck in th« 
groove. Evidently, not enough cooling prevailed. 

Another new piston was run at the same load and speed 
with the pee pipe set to deliver 0.5 gal per min. After 24 
hr of running time, the piston was inspected through the 
intake ports and was in such good condition that the test 
was resumed. At the conclusion of 50 hr, the piston 
appeared as in Figs. 24A and 24B. Both pistons and rings 
are in excellent condition and appear to be capable of 
considerable further running in their present condition. 

Check tests have been repeated on similar production 
pistons with equally satisfactory results, indicating that 0.5 
gal per min is a sufficient quantity of cooling oil to permit 
running at full load without danger of sticking rings, 
scoring, or excessive varnish and carbon deposits. 

Attempts were made to measure a difference in lubricat 
ing oil consumption when running with varying amounts 
of piston cooling oil but the differences were so slight that 
they were neglected. 

The most critical part of the piston is the ring belt, since 
when rings stick excessively, blowby and accompanying 
troubles occur. Hence, the optimum temperature that can 
be desired in a compression ring would appear to be in the 
which is well below the cookin 
temperature of the oil and, as can be seen, is not difficult 


neighborhood of 300 F, 








m Fig. 22C — Head of 


piston shown in Fig. 
a Fig. 22A — Thrust side — 6x6!/)- a Fig. 22B - Anti- 22A 
in., two-cycle diesel, steel piston thrust side of piston 
after 5!/2 hr at 1800 rpm and shown in Fig. 22A 


0.41 bhp per cu in. with no pis- 
ton cooling oil 








after 20 hr at 1800 rpm and 
0.41 bhp per cu in. with 0.25-0.30 
gpm of piston cooling oil 





a Fig. 24A — Thrust side — 6x6!/9- a Fig. 


after 50 hr at 1800 rpm and 
0.41 bhp per cu in. with 0.5 gpm 
of piston cooling oil 


to achieve with the proper combination of 


and piston cooling. 


In an iron or steel piston head, temperatures of 500 or 





Fig. 23A — Thrust side — 6x6!/>- = Fig. 23B — Antithrust side 
in., two cycle diesel, steel piston of piston shown in Fig. 23A 





24B—Antithrust 
in., two-cycle diesel, steel piston side of piston shown in Fig. 


piston ce sign 





600 F do not affect the strength of the piston as they 

with aluminum-alloy design. However, it is the temper 
ture on the underside of the head that must be low enous 
to prevent accumulation of burned or “coked” oil depos 

If the compression ring belt be held closely at or abe 
300 F, the skirt will undoubtedly run cool enough to} 
well out of any critical range and the skirt temperatur 
present no problem. 





Early in the program, thermocouples were installed 
the thrust face of the piston skirt at the very surface 
scoring could be induced uader the proper conditi 
operation. If the thermocouple would indicate inc 
coring, it would be an aid to testing. In numerous t 
the piston would score without the slightest chang 
temperature. This is in accord with the principles 


C 


lished by Bowden and others that incipient surface effec 
are very local and do not affect the mass of metal 

course, if scoring proceeds to the point where sufhc 
heat is evolved, the temperature of the skirt will show 


¥ at 


increase. 
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a Conclusions 


ee 


i oa 


Two methods of controlling piston temperatures wil 
relation to engine output and thermal limitations 2 
employed by engine designers. In one design, the cont! 


} 


is obtained by taking the heat flow through the piston-ti; 
belt, the piston rings, and often through a liner, 

the jacket coolant or directly into the air of an aiurc 
engine. 

The purpose of the present paper is to show t! 
method, whereby the piston temperature is F 
through the use of a relatively nonconductive piston coo 
with an oil jet. It is interesting to note that very ©! 
considerable engineering is expended on the cooling 
that portion of the combustion chamber consist! 
head and cylinder walls but little is done towar 
rially cooling the remaining portion, which is 


ly a 


head. Jet cooling and coordinated piston design offers 
means which is worthy of investigation. 

These tests and the successful operation in mat 
engines show the practicability from an engineering sta 
point. Perhaps they will be incentive for greater consid? 
tion as a means for overcoming the mounting eiiects 
temperatures in other engines as outputs are increaseé 
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HOT-ENGINE SLUDGE 


hy H. C. MOUGEY 


Research Laboratories Division, 
General Motors Corp. 


engine oils is such a very broad subject that 
ult to make any general statement about it 
nany different kinds of sludge, produced by 
term which is hard to define, but I am sure 
le have seen enough sludge in automobile 
ve a general idea of what is meant by this 
bster’s dictionary defines sludge as - 


rati 


“mud, 
“a muddy or slushy mass, deposit, or the like.” 
n possibly implies that water is always a com- 
of sludge, but this is not always the case. 
ld-engine sludge usually contains some water, 
ppens that there is no water in hot-engine 
ps we might define sludge as a pasty or semi 
with a consistency resembling soft mud, and 

1 liquid mixed with other materials which 
the liquid and which thicken the liquid 

; definition would include butter, which is an 
| and water; and mayonnaise dressing, which 
\uision of oil and water; and cup-grease, which 
ting oil thickened with soap. Perhaps we should 
efinition that sludge is usually an undesirable 


d mixture of the general nature previously 


sludge and cold-engine sludge are different 
n composition, but the sludge in an engine 


a mixture of both types in various proportions 
1 of control of either type usually involves con 
types. Engine oil sludge, which usually also 
unburned fuel, is composed of oil thickened 
lation and thermal decomposition products of 
| the fuel, together with any dust, iron oxide, and 
ts that may be present. The oxidation prod 
il and the fuel vary over a wide range and 
ind hard oil insoluble resins. Some of these 
lark, hard, and oil insoluble that they re 
or coke. The oxidation products also may 
r resulting from the burning of the fuel or oil 
the combustion chamber, and lead salts resulting 
rning of the tetraethyl lead, provided a leaded 
1. The oxidation and thermal decomposition 
ilso include carbon or “soot” resulting from 
combustion of the oil and the fuel in the com 
ber. 
pal difference between hot-engine sludge and 
sludge is that hot-engine sludge contains large 
resins resulting from the oxidation of the oil 
rnal, Vol. 42, April, 1938, p. 32 
M. Larson 


resented 


at the SAE Natior 


ng, Philadelphia, June 28, 19 


and 
ITS CONTROL 


in the crankcase, but it is relatively tree trom water and 
soot. Cold-engine sludge contains large amounts of soot 
and usually it also contains water, but it 1s relatively free 
from resins resulting from the oxidation of the oil. Both 


types may contain lead salts if leaded fuel was used 


# Lead Compounds in Sludge 


The subject of lead compounds in used oil has been dis 
cussed by many authors, but these compounds still cause 
confusion when an operator changes from an oil that 
formed enough black deposits to hide the light-colored lead 
salts to a more stable product which does not develop 
enough black compounds to hide this material. In 1938, 
Dr. C. M. Larson! of the Sinclair Refining Co. stated: 

“There have been some cases where, with the more stable 
motor oils used in automobile engines, the lubricating oil 
does not get stained black so that 0.25% to 0.50% of lead 
compounds in the used crankcase oils are visible. This ts 
readily seen as a grey flux and is not at all unusual with 





LUDGE is a slushy mass composed of oil 

thickened with the oxidation and decomposi- 
tion products of the oil and fuel. In hot-engine 
sludge the oxidation products of the oil are the 
principal cause of trouble. 


The steps in the development of sludge con- 
trol have been: 


1. Development of more highly refined oils 
from which the easily oxidizable sludge-forming 
material has been removed. 


2. Addition of either oxidation inhibitors o: 
detergents, separately. 


3. Addition of both oxidation inhibitors and 
detergents together in the same oil. 
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m Fig. | — Valve gear of an automobile engine after 20,000 miles 

of road operation on a nonsludging oil — crankcase was not 

drained during this period nor was the filter cartridge changed — 
all parts of engine were exceptionally clean and bright 


any make of car or any oil. The lead probably comes from 
the fuel in use and is not considered harmful by the auto 
motive engineers.” 

In another paper the same year,” George Round of the 
Socony-Vacuum Oil Co. discussed this subject in detail. 
I le said: 

“There is no evidence that the lead does any harm other 
than adding to the amount of crankcase dirt and aiding in 
emulsion formation when water is present. It does, how 
ever, alarm those who have not happened previously to 
notice the discoloration. Since most oil companies have 
issued bulletins on the subject, more should know about it 
and the complaints therefore should decrease.” 


= Improper Composition 


The petroleum industry has recognized the problem of 
sludge in engine oils for many years. In the early days of 
the automotive industry it was very common for sludge to 


form in engines in large amounts, but prior to 1933 there 





was not much agreement on the causes of sludge or 
methods of decreasing sludge.* 
S SAE Transactior Vol. 43, July, 193 { 1-3 ‘WwW 
D 1 Crankcases and W1 G. A. Round 
See “‘Symposium on Mot Lubricants (1! >) American Societ 
Testing Materials, Philadelph Pa., pp. 57-84 “Service Chi: s 
n: Crankease Lobcicatiue Oise. ty MA. Di 
*See SAE Transactions, Vol +, Ma 1934, 1 78, 13 
Causes and Effects of Sludge Formation in Motor Oi I D. B 
Barna E. R. Barnard, T. H. Rogers, B. H. Shoemake i R. 3 
W 
See Proceedings I'wenty-Second Annual Meetiny,”’ Ame i 
Petroleum Institute, \ 22 [III] (1941), py 100-123: “‘The Test 
f Hea Duty Motor Oils,’”’ hy H. C. Mougey and J. A. Moll 
= SAI Pransactior Vol October, 1942, pr 417-438: “TY 
Testir Heavy-D M O by H. C. Mougey and J. A. Moll 
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3y this time, however, some of the oil companies | 
recognized that by refining oils so that some of the ex 
oxidizable sludge-forming materials were removed, } 
were able to produce lubricants which formed less s\y4. 
in service. Late in 1933 engineers of the Standard (jj 0, 
of Ind. gave a paper* in which they pointed out the rd; 
tion of sludge to the composition of the oil and the imp, 
tance of refining the oil so as to remove the easily oxi¢) 
able sludge-forming materials if it was desired to produc 
an oil which would not form sludge in use in engines, | 
their paper they show many illustrations of sludge and 
badly sludged engine parts. They also show “by way 


’ } 





contrast, the results obtained by operation on an oi 
susceptible to sludge-forming operation.” This illustratio, I 
is reproduced from their paper as Fig. rt. 


m Low Oxidation Resistance of Oil 





&g 
These wonderful results, however, which were obta 3 
at medium temperatures under more or less ideal drivin; 
conditions, probably similar to those of an ideal “C” mm < 
driver today, were not always duplicated in service, fo I 
reasons which were pointed out by these men. Amon fy 
important observations in their paper are the following * 
1. Very highly refined oils on oxidation form main 
acids; less refined oils form sludge together with acid 
2. Variations in engine output influence oxidation, bu Iie 
in the tests reported by these authors variation in sum Je 


temperature from 130 F to 210 F did not. Oxidation take 
place largely at locations where the temperatures are above 
210 F. _ 

3. The source of carbon in the sludge is largely blow! 
from the combustion chamber. 

Under actual service conditions it was soon found t 
at elevated temperatures these early highly refined oils 
oxidation developed acids which corroded alloy bearing 
and the less-refined oils formed sludge together with 
or less acid, because the oil under service conditions 1 
frequently higher in temperature than the moderate valve 
at which the rate of oxidation is slow. 











In addition, under Fie 
conditions of incomplete combustion in the combust 
chambers, “carbon” was formed and it worked dow: 
the pistons, and this “carbon,” together with bk 


helped contaminate the crankcase oil. 











It is well known that it is possible to operate an et 
oil that is not resistant to oxidation, and to get a very 
engine with no sludge, although the oil may be very | 
oxidized and high in acidity. The reference oil B-2 ¥ 
which such a large amount of cooperative work 
been done in the laboratories of both th 
and automotive 


at high oil temperatures for some time using highly : 


of this tvx 


industries is 
However, if such an oil is used 
long between drain periods, or if tl 
tions of too severe, 
possible for such an oil to produce ex 


ingly bad sludge and “coffee grounds. 


a little t 


service are may 


it 


u Fig. 2 — Cross-sections of 
oil lines plugged with “cof- 
fee grounds” 
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= Fig. 4 — From test on high-quality oil — 1500 miles 
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any years oil chemists had noticed “coffee grounds” 





ngines and in used oil samples, and they had tried to 





aboratory tests to show the tende ncy of oils to form 





these deposits. 


However, in these early laboratory tests 





were unable to produce these deposits at temperatures 
m under 500 F, although experience indicated that these 





lee grounds” were being formed in service at quite 










a moderate elevated temperatures. In 1939, J. P. Stewart of 

mm the Socony-Vacuum Oil Co. gave a paper’ on engine de 

B posits in which he explained the mechanism of the forma 

ot “coffee grounds.” 

When a highly refined, high V.I. oil oxidizes it forms 

= ‘arge amounts of oil-soluble oxidation products as well as 

- ® the acids which cause corrosion of alloy bearings. Such an 
4 may be entirely free from oil-insoluble oxidation prod- 

® ucts, and when such an oxidized oil is examined by holding 





1 strong light, it may be clear and bright, although 
darker in color and higher in viscosity than the 
ginal oil. However, highly refined, high VI. oils are 





. 


vent power, and when some fresh oil is added to 
d oil, either as make-up oil or when the crank 
hanged, the addition of the new oil to the 

xidized oil in the crankcase curdles the oxidized oil and 
insoluble sludges. These sludges, on being sub 

the termperatures normal to crankcases, change 

coftee grounds.” 







These “coffee grounds” may 





ig oil lines and cause such troubles as burned out 
[his is only one of the troubles due to oil oxida 

ind it is not cured by using bearings which are not 
corrosion. Fig. 2 shows cross-sections of some of 

1 oil lines from an engine in which the bearings 
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45, July, 1939, pp. 38-39 (digest): ‘Engine 


ratory,” by J. 






P. Stewart and B. W. St 








March, 1945 





burned out in service due to this plugging of the oil line to 
the bearings. 

When a crankcase is drained some oil always remains in 
the engine. In a car with a crankcase capacity of 6 qt, the 
oil that remains in the various pockets in the engine is 
probably about 1 qt. This means that when a crankcase is 
drained and refilled, about 5 qt of new oil are added to 
about 1 qt of used oil that remains in the engine. 

To illustrate this action we operated a car at our proving 
ground in 1939 with a conventionally: refined, medium 
V.1. oil for 1500 miles on the regular durability test sched 
ule which we have used for a number of years in testing 
cars. At the end of 1500 miles we drained the crankcase 
and allowed the drained oil to stand until the dirt settled 
to the bottom, leaving clear and bright oil floating on top. 
Although this oil did not contain any insoluble matter in 
suspension, it was somewhat dark in color. 

Bottle No. 1 in Fig. 
In bottles 2 
part of oil like that in 


2 shows the appearance of this clear 
used oil. to 8, inclusive, in Fig. 3 we put 1 
bottle No. 1 plus 5 parts of different 
trademarked oils which might be purchased at the filling 
stations for refilling the crankcase, and we then mixed 
these oils in the bottles to obtain mixtures which would 
represent the kind of oil we would have in the crankcase 
if we had drained and refilled with these different com 
mercial oils. On allowing the oils to stand for a few days, 
the sludge that was precipitated by adding the new oil to 
the used oil settled to the bottoms of the bottles. The 
different volumes of sludge shown in the bottles depend 
upon the solvent powers of the various new oils and the 
properties of these oils to hold the sludges in suspension. 
We then repeated this test using a highly refined, high 
The bottle 
marked No. O in Fig. 4 is the new unused oil. The bottle 


V1. oil that was more resistant to oxidation. 


marked No. 1 is the clear used oil after 1500 miles use and 
the 
bottles 2 to 8 


after the oil had been allowed to stand until all of 
had The 


inclusive, in Fig. 4 represent the mixtures of 1 part clear 


insoluble matter settled. other 


5 
used oil and 5 parts of the same various new trademarked 


oils used in making the mixtures shown in Fig. 3. 

We again repeated the test using the same conventionally 
refined oil with which the first test was made, but we 
drained the oil at 500 miles instead of at 1500 miles. The 
bottles in Fig. 5 represent the corresponding mixtures with 
this 500-mile used oil that had been allowed to settle until 
noted that the results are about 


it became clear. It will be 


Setreray 


aw ‘ ae : € ae | 








ae. ae 6 #7 & 


Fig. 3 





a Fig. 5 — From test on same medium-quality oil as shown in 
but used for only 500 miles 
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those obtained with the oxidation 


resistant oil in 1500 miles. 


the same as 


more 


These tests mean that one can take his choice, he can use 
poor oil and drain the crankcase very frequently, so that 
the oil will never be used long enough to permit it to 
become oxidized, or he can use a better quality of oil and 
drain at longer drain-period intervals. 

For many years the petroleum industry has known about 
oxidation of motor oils and the effects of catalysts which 
increase the rate of oxidation and about oxidation inhib- 
itors which decrease the rate of oxidation of oils and which 
may be regarded as negative catalysts. In discussing the 
paper by Dietrich* in 1933, Eugene Ayres of the Gulf 
Research & Development Co. pointed out that oils cannot 
“be classified for stability solely according to predominant 
molecular structure,” . . . but they are dependent also on 
“the presence of small amounts of catalyzing impurities 
that may be left behind or else introduced by the refining 
operations or developed during the service of the oil.” 

Che first patent reference I have found on the use of 
oxidation inhibitors in petroleum oils is a British patent to 
Baird (British Patent 1516) in 1872, which points out the 
value of sulfur as an oxidation inhibitor for petroleum oils. 
In 1917 a U. S. patent (Brown, U. S. Patent 1,234,862) 
was issued describing the use of phosphorus as an oxidation 
inhibitor in petroleum oil. In 1937 the National Petroleum 
Vews> published a long list of patents on oxidation inhib 
itors. Most of these oxidation inhibitors in commercial use 
depend upon sulfur or phosphorus or both. 


S t il Petrolum News, Vol. 29, Fet 10, 1937, pp. 67-70 
‘On e Amit Hydroxy Compounds Lead among Antioxidants fot 
| 1 ‘ ext ’ | i B ‘ 

See Chemical and Metallurgical Engineering, Vol. 51, March, 1944, 

See SAE Transactions, Vol. 44, January, 1939, PI 8. “Some 
Developments Relative to Crankcase Oil Filtration,” by A. T. McDonal 1 

See SAE. Transactions, Vol. 40, April, 1937, pp. 165-172: “En«ine 

perature as Affecting Lubrication and Ring Sticking,” by C. G 
\. Roser 
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» Fig. 6 — Diagram of drop of lubricating oil containing different 
types of molecules 
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The whole subject of the relative effect of refining, ef 
of oxidation inhibitors, bearing corrosion, fort ation 
sludges by oxidation, and so on, is summed up Very nice} 
in some diagrams reproduced from a recent advertise 
of Standard Oil Co. (Ind.).? Fig 6A represents a drop oj 
lubricating oil containing different types of molecule 
which are shown as (@) — molecules forming oil-insoly}), 
materials (insoluble sludge), (O) — molecules forming gj 
soluble materials (soluble resins and acids), and (L). 
natural oxidation inhibitors. By a high degree of refininy 
(Fig. 6B), all the insoluble sltudge-forming molecules (@) 
may be removed, but at the cost of also removing ; 
natural oxidation inhibitors (+-), thus leaving the 
without protection against the formation of oil-sol 
materials, such as resins and acids. Of course it wou! 
possible to refine the oil to a less extent (Fig. 6C), 
leave some of the natural oxidation inhibitors (++) ip 
oil, but this would also leave some of the materials w! 
form insoluble sludge (@) and some of the mater 
which form soluble resins and acids (O). However, 
highly refining the oil and then adding synthetic oxidat 
inhibitors, (@), as illustrated in Fig. 6D, it is possib| 
produce an oil which is very resistant toward forn 








either the insoluble sludges or the soluble acids or resir 







































w Diesel and Heavy-Duty Oils 


It is apparent that the petroleum industry has know 
a number of years how to produce oils that will not « 
hot-engine sludge in so far as the oil in the crankcas 
concerned. However, this is only part of the problem 
has been pointed out by engineers of the Standard O 
(Ind.),4 and by many others, even though the oil | 
crankcase does not oxidize it becomes polluted wit! 
“carbon” and other products of combustion of the oil 
fuel in the combustion chamber which work down 
the pistons and get into the crankcase. Although all 
of engines are subject to this difficulty, the problem ! 
became acute in diesel engines. As pointed out by 
Donald, “The advent of the high-speed diesel engin 
its rapid acceptance as a dependable and economic s 
of power . . . resulted in the discovery that lubricatin 
which had been found to be entirely satisfactory for | 
cating the lower-compression engines were not capab! 
fulfilling the demands placed upon them by the highs 
diesel engine, the operation of which involved muc! 
pressures and leaner air-fuel ratios.”?° 

The subject of diesel-engine lubricants had occupied 
siderable attention by the Caterpillar Tractor Co. tor 
eral years, and in 1937 C. G. A. Rosen gave a pape! 
which he pointed out the importance of the behavi 
oil at the higher temperatures encountered on pisto 
on the skirts and in the ring-belt area, where the 
deposits from the combustion chamber act as bi 
ring grooves and t! 


duce ring sticking. He showed how this troubl 


cement carbon and dust in the 


decreased or overcome by the incorporation into t! 
certain addition agents. 

You are all familiar with the fact that if you get dirt‘ 
your hands and you try to wash them in water wil 
use of soap, the dirt may stick to your hands so fi 
your hands may stay dirty and the water may 
clean. However, if you should use some soap in ; 
to the water, the dirt will become loosened fr 
hands and your hands will become clean and th te 
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lirty. In the early cooperative work by the 
[ractor Co. and the oil companies,!* 1% 14. 1° 
that by the addition of small amounts of metal 
il it was possible to produce oils which would 
leposits of the combustion chamber from stick 
pistons and rings and to other engine parts. 
yn agents also tended to keep the “carbon” 
the oil in suspension so that sludge deposits 
rm, and the dirt could be removed from the 
with the used crankcase oil when the oil was 
; leaving a commercially clean engine. 
\STM Symposium on Lubricants (1937) a 
given by G. M. Maverick and T. G. Sloane of 

Oil Development Co. on “Addition Agents 
ils.” In this paper and in the comments by the 


m other oil companies, most of the facts 


; 


iow know in regard to engine oils containing 


* 


nts were developed. 





ese early diesel oil addition agents were metal 


a nce their action appeared to be very similar in 
Pe engine parts clean to the well-known cleansing 
& soap and water, they soon came to be called 
% and the early oils were called diesel oils. How 
2 ited out in the patent! on one of these early 
4 metal soaps were not oxidation inhibitors. In 
a re just the reverse, and they stimulated the 
By the oil in the crankcase. Although these early 
4 very successful in diesels which were equipped 
3 ibbitt bearings and which were operated at rela 
Ee y low crankcase oil temperatures, at which the rate of 
ig t ; rather slow, these early diesel oils oxidized and 
acids and caused trouble if they were used in 
; high crankcase oil temperatures. This defect 
a em unsatisfactory in most gasoline engines, and in 
q es using copper-lead bearings, and warnings had 
ssued by both the oil and automotive industries 
4 t using these early oils of these corrosive types in 
with copper-lead bearings. 
ugh in gasoline engines we are usually more inter 
oil in the crankcase, and in diesel engines we 
y more interested in the oil around the pistons, 
veral years before everyone realized that in both 
q ind diesel engines we want an oil that will be 
4 to deterioration in both the crankcase and around 
4 Standard Oil Co. of ¢ 
[ransactions, Vol. 44, January, 1939, p (2: “I 
L -E Lu ing Oils,” by U. B. B Cc. 






; lel a. Pa., rp ¢ Ad Agents f 
G. M. Maverick and T. G. Sloane 
K J s, Vol. 45, November, 1 p. 48 0 
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4% wenty-First A 1a] M A P 
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the pistons. The obvious solution to this difficulty was to 
develop new addition agents or combinations of addition 
agents that were both oxidation inhibitors and detergents," 
and to produce oils which would be equally desirable for 
both gasoline engines and diesel engines. Such oils were 


8 19. 20 


called heavy-duty oils,’ “1 to distinguish them from 


the early diesel oils. Oils of the heavy-duty type, suitable 
for heavy-duty service in both gasoline and diesel engines, 
began to be commercially distributed in 1939, and in a 
short time a number of oils of the heavy-duty type were in 
general distribution by the At first 


] ] ] ] ' > ? ] | 
ls were sold only to commercial operators for diese] 


pe trole um industry. 
the se Ol 


: : 
and gasoline tractors, trucks, and buses, but within a short 

] ] “11 
time these oils began to become available at the fill 


stations for all 


ng 


engines including pass¢ nger cars 


For a number of years the U. S. Navy has recognized 
the need for superior lubricating oils, and from the very 
start they have used heavy-duty oils in all diesel equipment 


up to the limit of the available supplies. The U.S. Army 
also has used heavy-duty oils for diesels since these oils 
were first developed. When the Japs bombed Pearl Harbor 
and the United States 


performance became a matter of life or death to our armed 


was plunged into war, and engine 


forces, heavy-duty oils were specified for all ground force 
At a recent SAE 


meeting, Capt. W. B. Bassett?” discussed the various engine 


equipment, both gasoline and diesel. 


tests to which these oils are subjected to ensure that the 


oils used by the Army will not cause sludge or bearing 


corrosion. He also reported on the very remarkable ie 
formance of these oils both in actual service and in the very 
severe 5000-mile field tests at Camp Seeley. On account o 
the importance of this oil to the military forces, the War 
Production Board required that oils of this type must be 
reserved for the military forces and for commercial opera 
tors, and it became necessary for the petroleum industry to 
withdraw them from the filling stations until after a change 
in the additive situation might again make possible a more 
general distribution of these oils. However, although the 
PAW Recommendation No. 40 made it impossible for the 
oils containing both oxidation inhibitor and detergent to be 
distributed at the filling stations, the oil industry 1s still 
permitted to use oxidation inhibitors alone,** provided the 
amounts used are kept as low as practicable so that none of 
this valuable material will be wasted. This means that the 
oil industry can still supply at the filling stations oils which 
are well refined and resistant to oxidation, and car owners 
do not have to use oils of poor quality if they really want 


to get high quality oils 


# Crankcase Oil Drain Recommendations 


The crankcase oil drain recommendations which appear 
in the car owner’s instruction books of the various General 
Motors divisions are all quit similar. They give a general 
between drains, and 


| 1 1 
conditions which may 


> | 
recommendation based on mileags 


they point out certain operating 


make it advisable for the oil to be drained more frequently 
The recommendations which are shown in Fig. 7 may be 


conside r¢ d as typical ot the kind of recommendations mace 


ee | 1 
by the different General Motors divisions when we were 


still manufacturing automobiles. The three general factor 
which are pointed out in Fig. 7 as making more frequent 
crankcase drains desirable, together with two addit 
tactors over WV hich the car owner had littl 

; 


| 
| | i* ryrvit tr 
and which were consequentiv omitted [rom 





















































When to Change Engine Oil— 
For best performance it is necessary 
to change engine oil whenever it be- 
comes contaminated with harmful 
foreign materials. Under normal 
driving conditions draining the oil % F9:,7 left) - 
: : Crankcase oil 
pan and replacing with fresh oil drain recommen- 
every 2000 to 3000 miles is recom- Cations 


mended. Under adverse driving 


conditions it may become necessary 
to drain engine oil more frequently. 


These are some of the reasons why 
oil should be c hanged more fre- 
quently: 


e Dusty roads or dust storms 
cause contamination of engine 
oil, 


e Short runs, with a cold engine, 
particularily in extremely cold 
weather increase “dilution” and 
water condensation in crank- 
case. (See ““Crankcase Ventila- 
tion” for explanation.) 


e Hard driving thickens oils which 
may interfere with easy starting 
in cold weather. Hard driving 
also causes oil to oxidize more 
rapidly and when oil is added, 
oxidized oils will, under some 
conditions, deposit ‘granular 
carbon” and “varnish” on the 
internal engine parts. 


Your type of driving, local con- 
ditions and temperature must fur- 
nish the basis for deciding how 
frequently the oil should be changed. 


dations, are: 1. Dust. 2. Low temperature. 3. High temper 


ture. 4. Quality of car. 5. Quality of oil. 


Che car owner already had the car, so this tactor was 
omitted, and at least until recently it has been very difficult 
tor a car owner to know anything about the quality of the 
oil until after he had used it for a long time, so this factor 
was also omitted. Until it is possible for the car owner to 
distinguish high-quality oil from low-quality oil before he 
has used it in his engine, recommendations will tend to be 
based on the use of the lowest quality oil which the car 
owner may buy. 


oil company to develop and market an oil of high quality 


This does not give much incentive to an 


or tor a car owner to pay more for a high quality oil than 
he would have to pay for one of the lowest quality oils on 
the market. 


] aw } people th rhe that rat ke > 
< li mal Di tn Ont thal ral ‘ 
n pre War days many people ugh nat crankcase 
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oil temperatures could only be reduced and held 
what lower levels, then there would not be any 


trouble or any need for high-quality oils. However, 
ence shows that too low temperatures may also 
trouble, and some companies, both oil and automotiv 
now recommending more frequent oil drain peri 
they did when low temperature operation was the ex 


tion rather than the rule. 


= Control of Hot-Engine Sludge 


For a number of years a large amount of coo} 
work has been done in the laboratories of the 
automotive industries studying the effects of th 
tactors, such as degree of refining of the oil, natur 
base stock, effects of oxidation inhibitors and det 
both singly and in combination with each other, {1 
ot oil drain periods, effect of piston and crank 
Some of this work 1s c¢ 
the papers on heavy-duty oils,* ‘ 


temperatures, and so on. 
previously m«¢ 
\dditional data are given in a paper by C. W. ¢ 
the Quaker State Oil Refining Corp.** 

Figs. 8, 9, 


these cooperative tests. In Fig. 


and ro are reproduced from these 

5 the valve co 
shown from 26-hr tests with a cran 
temperature of 280 F. 


pistons are 
Oils B-1 and B-2 are heavy 
which are resistant to the development of wear’ 
sludge or both. Oil B-2 is a highly refined straig 

oil which develops acid but is resistant to the for 
sludge, unless it is used too long between drain 

Oil B-4 is a straight mineral oil which develops be 
and sludge but it does not cause much corrosion ‘ 


bearings, perhaps because of the protecting act 
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lve covers from 
th crankcase oil 


sre of 280 F 





> 
> 


Pistons from tests 
bed in Fig. BA 


othe: cnyine I gard to maximum 
] ! 
ao not limit the maximum temperatures ¢ 
lrains and ot buses, where the temperatures may still be 


' , 
moderate vehicle speeds. Luc to severe toads am 


conditions \lthough the public 1s cooperatin 


} 


operating 


10 the effects of length of test, piston tempera under present war conditions, | doubt whether they 
ture, and oil temperature are shown for six oils which vary be satished, under normal conditions, imit thei 


quality, ranging from high-quality, heavy-duty oils to speeds just to permit them to . oil of poorer qi 
lium-quality, straight mineral oils without any added so this method of limming the will 
jation inhibitors or detergents. ibly not be of much interest ut r post- ond 
ilters are sometimes recommended as a method of con 3. Crankcase Draining — Drain the 


hot-engine sludge. This subject has been discussed enough to prevent the amount of 


ny papers for a number of years. too large Phis drain 
+} 


1 


° . . . ’ ] 
this general discussion it is apparent that the oil of the oi] and the 


is very familiar with the causes and methods of ith 
hot-engine sludge. Practically all oil companies 
ke a number of different types of lubricating oils, differ 
their various properties, including quality and pric« 

01] companies, of course, are subject to the laws of 
tition, and the types ol oils they sell for different 
depend, at least to some extent, upon the cus 
iews in regard to price and the need for quality 
neral methods have been recommended for con 


ludge. These methods are: (1) Filters; 


; 


engine 5s 
perature control; (3) Crankcase draining; and 
quality oil (heavy-duty oil). 

of interest to discuss briefly each of these pro 


as 


Try to remove the sludge from the oil as fast 16 HOURS-280°F 
is by the use of some suitable means, such as 

the quality of the oil, the operating conditions, th 

lter, and the method of use of the filter make this 

racticable. 
m perature Control — Keep the oil temperatures lov 
that the oil will not oxidize. Of course, any 

used to keep the oil temperatures down must 
trouble by letting the temperatures be so low 

nder light driving conditions that cold-en 

les result. “Jumping from the Irying pan 

ot considered to be a good idea, but jumping 

direction, from hot-engine sludge troubles t 
ludge troubles may be just as poor an idea. 
id of keeping the oil temperatures down is t 2 eee 
I e) I 

maximum speed and power at which the en 
lly being done with pas 


due to war regulations 











Testi O1L (JKT. 
/ 5 Pe le rn 
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conditions the drain periods should be shorter. 


As pointed out by Round? several years ago in regard 


to the question, “When should crankcase oil be changed? 


1 , 
there 1s onl 


y one sure answer to this question, namely: “It 
depends upon many things.” 

It is just as difficult to make a definite recommendation 
for a time or mileage limit for draining all crankcases with 
all oils, which vary in quality, and with all engines, which 
are operated under different conditions, as it would be to 
set a definite time limit on how frequently everyone in the 
world should send their clothes to the laundry or the dry 
cleaners. A schedule that might be very satisfactory for 
white collars might be too frequent to be practical when 
applied to fur overcoats, and a good recommendation in 
regard to the time between trips to the laundry that would 
be satisfactory when applied to a coal-miner’s overalls 
would probably be too long when applied to linen table 
cloths at a high-class hotel. 

The dirty oil should be drained from an engine before 
the dirt has become so solid or before it adheres so tightly 
to the engine parts that it will not be removed on draining. 
[t appears that a single drain period based on either time 
or mileage, or both, is bound to be unsatisfactory because 
it probably cannot be low enough to take care of the ex 
treme cases without being so low that no one would pay 
any attention to it for average operating conditions. As an 
illustration given by Round in his paper,? “during the 
severe winter of three years ago (1935), it was necessary 
to drain the crankcases of a fleet of city milk-delivery 
trucks every third day—every 54 miles —to prevent tie 
ups!” However, this was a cold-engine trouble and since 
the subject we are discussing is the control of hot-engine 
sludge, it may be desirable to learn something about the 
number of miles an engine can be operated under higher 
temperature conditions and still remain commercially clean. 

Back in the pre-war days, when it was common practice 
to Operate passenger cars under rather severe high-speed 
conditions, we made a number of tests that may be of 
interest. The results of some of these tests are shown in 
Figs. r1 to 18, inclusive. In all of these tests the engines 
were thoroughly cleaned at the start of the test. The 
engines in Figs. rr to 14, inclusive, were operated on 
highly refined, high V.I. oils without any added oxidation 
inhibitors or detergents. 


} 


The oil screen shown in Fig. 12 and the piston shown 


n Fig. 13 are from an engine operated 8418 miles on 
straight mineral oil without dra ning. Fig. 14 shows the 
bad sludge deposit on the push-rod cover of an engine 
operated on straight mineral oi] This sludge was ac 

























































a Fig. 10 (left) — Effect of variations jn 

operating conditions with six different 

oils: Oils B-1, B-2, and B-3 are the same 

oils as those shown in Fig. 8; Oils C2 

‘ and C-3 are straight mineral oils; Oil 

C-! is made by adding an oxidation in- 
hibitor to oil C-2 















a Fig. |! (below) — Engine from pase, 
ger car operated on straight minerg , 
for 6326 miles without draining the cron} 
case — badly sludged condition indicgte 
that this is too long between drains 
oil of this quality under these operating 

conditions 


a Fig. 12 (above) - 
Oil screen from en- 
gine operated 8418 
miles on straight 
mineral oil without 
draining 


a Fig. 13 (right) - 
Piston from engine 
operated 8418 miles 
on straight mineral 
oil without draining 


( imulated in two drain periods, the first drain 
9261 miles, the second drain 1 riod was 10,823 1 


These bad sludge deposits and the badly 


SAE Journal (Transactions), Vol. 5 





SNE EF de a 6 
= Fig. 15 — Heavy-duty oil — 10,698 miles 


ring on the piston indicate that drain periods of 
noth are too long for straight mineral oil of this 
under these operating conditions. 

be noted that the 6000 to 10,000 mileages be 
to 14, 
ire too high and the engines are very dirty. The 


rains on the straight mineral oil, Figs. 12 


Figs. 15 to 18, inclusive, were operated on a 

il, heavy-duty oil containing both oxidation in 

ind detergent. With the heavy-duty oil, Figs. 15 

_ the 10,698 miles without drain is also too much, 

ugh the engine was in much better cendition than 

straight mineral oil for a similar drain period. In 

ind 18 the same heavy-duty oil was used 5103 

s without drain and it is still in excellent condition. 

[he performance of this heavy-duty oil is 
ry similar to the performance of the heavy 

duty oils in the Camp 


p Seeley tests** reported 
by Major 


Bassett in which the oils were used 
oil temperature of 280 F 


th an for 5000 
ithout draining. Of course, no one 
ommend that oils should be used in 

ice for such long periods under 
without 


operating conditions 


but these tests do show the very 
of safety which the petroleum 
s built into these oils, and how it 


to avoid hot-engine sludge by the use of heavy 


| 
usly pointed out, the drain period that should 
ided depends upon a number of factors. Pe 
ymmercial would bs 


mileage at which the engine would st 


r 
I 
" 
I 


+ 


ha 


1] 
1} 


recommendation 
ited 
the operating conditions to which the en 


7 
subyec ted. 


to more normal conditions such as may be 


7 . 
the post-war period will, without doubt 


rr ; ] 
1 O] 


service, and a tremendous amount of 


mong the companies of the petroleum indu: 


ch other in the quality of their products. If 
» —— 
rs W do their part, I am sure we can 


etroleum industry maintaining the quality 
Keeping the con 


, 
with the reputation of 


y them 
Oris 


\ (Hi Duty 


Oils) 


oxidation-inhibited, detergent-type oils 


Reg ir lless 


a Fig. 14 (left) -— Bad 

sludge deposit on push- 

rod cover of engine op- 

erated on straight min- 
eral oil 


e Fig. 16 (right) — 
Heavy-duty oil — 10,698 


miles 


of what is done by any or all of the three methods of 
controlling high-temperature sludge that have just been 
discussed, the car owner or operator who is trying to con 
Chis 
and in the 
post-war period I believe it will also mean use heavy-duty 


trol hot-engine sludge should use high-quality oi! 
means heavy-duty oil in commercial engines, 


oil in passenger cars. Until such oils again become avail 
able for passenger cars, it means use oil which is as resis 
tant to oxidation as possible under present war restricuons 
As previously pointed out, heavy-duty oils are resistant to 
the development of acid or sludge, or both, and on drain 
they should leave a commercially clean engine unless 


the drain periods are too long to be compatible with the 


Ing 


quality of the oil and the operating conditions 


a Fig.17 (above) 
Heavy-duty oil 
5,103 miles 





e Fig. 18 (right) 
Heavy-duty oi 
— 5103 miles 








The FUNDAMENTALS of FLIGH 


by J. H. BREWSTER, III 


Senior Aeronautical Engineer 
Research Division, United Aircraft Corp. 


I'TH the advent of fan installations, certain frequently 
recurring questions have arisen. The more common are: 

1. Is cooling power with a fan always less than without 
a fan? 

2. If forced cooling is more efficient than flight-induced 
cooling, what is the reason? 

3. How can one tell without a complicated analysis if 
gains can be made by the application of forced cooling? 

4. Under what conditions of flight is forced cooling the 
most beneficial ? 

5. What can be done, if anything, to obviate the neces 
sity for forced cooling? 

6. How is the problem affected by altitude? 

These are all, admittedly, legitimate questions, and it is 
one of the purposes of this report to provide the answers to 
these and other similar questions for the satisfaction of 
both engineers and nontechnical personnel. 

The very fact that questions of this nature have arisen 
and continue to arise is evidence that there still exists a 
tremendous amount of uncertainty, if not confusion, con- 
cerning the entire cooling problem. There are still three 
phases of the problem which need clarifying immediately. 

The first phase involves a demonstration, for those who 
should use forced cooling, of the reasons why forced cool- 
ing, under certain conditions, can add to the efficiency of 
the cooling system. It is not sufficient simply to demon- 
strate on paper that it does improve the efficiency — we 
must be given a satisfactory explanation of why the phe- 
nomenon occurs. Until this is done, forced cooling will be 
regarded with suspicion, as if its application were a case of 
getting something for nothing. 

Having once established a background as to the actual 
mechanics of the forced cooling system, the second phase 
involves the establishment of methods to determine if the 
application is warranted for any current or anticipated 
engine installation. 

The third phase of the problem is concerned with a 
frank investigation of whether forced cooling represents a 
permanent refinement to cooling efficiency or merely a 
temporary stop-gap to a more basic improvement, that is 
in the engine and the installation. 

Not until these three fundamental phases of the problem 
are firmly understood will the rightful place for flight 
induced or for forced cooling be established and appre 
ciated. 


. 


= General Discussion 


Depending upon the pertinent cooling parameters and 
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and FORCE 


characteristics peculiar to any one powerplant installati 
be it existing or contemplated, there are certain definix 
factors which, when recognized, will furnish some insigh 
and indication as to whether dynamic or forced cooling 
warranted. The ultimate decision will, in most cases, i 
volve a quantitative cooling analysis, as well as a realis 
evaluation of the merits and demerits of both types ¢ 
cooling. The primary decision as to whether or not 

analysis is warranted, can, however, be reached by « 


sidering the basic and fundamental cooling parameters a % 
their mutual effect upon one another. There are cert ie 
procedures which can be followed and which will pr 


the required indication of whether the choice of flig . 
induced or forced cooling is obvious, or whether the choice x 
demands an analysis before the decision can be mac 

Theoretically, any installation (aircooled or |i 
cooled) can benefit by forced cooling, if the forced « 
device is as efficient as the airplane propeller. Act 
the need for forced cooling is inversely proportional to the 
degree of engine and installation development 
standpoint of cooling efficiency. Practically, the liquic ‘ 
cooled radiator, because of its efficient cooling surface, | 
reached the point where the improvement in periorma 
offered by forced cooling is not sufficient to offset the a 
complexity and weight. The aircooled engine has not ye 
reached the point of development where practical perior : 
ance gains are always offset by the added weight and « si 
plexity of forced cooling. With new improvements in | 
ning and baffling, however, certain aircooled engines 
approaching, and potentially may exceed, the capabilit 4 
liquid-cooled radiators. 

But, it is the installation,’ as well as the engine, t 
must be considered. In other words, an engine whic 
itself, has excellent cooling characteristics, may olte 
quire forced cooling if placed in an installation ! 
high losses upstream and downstream of the engi! 

in general, there are certain airplane and engine ope! 
ing conditions which indicate the need for forced co 
and, likewise, in the opposite sense, there are certain § 
eral engine and airplane operating characteristics 
favor dynamic cooling. These conditions can only be st 
broadly. 





Forced cooling will probably be needed if the 
airplane and engine conditions prevail: 





a. High engine cooling pressure-drop requiren 
b. Low indicated airplane climbing and crus S 





c. High-altitude airplane performance re 
(above about 25,000 fr). 

d. High entrance and exit losses. 

In approaching the problem, the above cond 
though perhaps obvious, are the first to look | 
appraisal of any powerplant installation. In ot! 





SAE Journal (Transactions), Vol. 53, Ne 

















nductivities are in the neighborhood of 0.1 or 
ances are that fairly high cooling pressure drops 
d for military power in climb and maximum 


in cruise. This does not mean, however, that 


& luctivity engines (0.20+) cannot have high 


lrop requirements. 
4 ivailable dynamic heads provided by the airplane 
nd in cruise are less than the required cooling 
ids, it is quite obvious that forced cooling will 
1, simply because the engine will not cool with 
matters little whether the means employed to 
ecessary head be a fan, an ejector, or any other 
ite form of pump, since any pump is subject to 
laws in aerodynamics and momentum theory. 
efficiencies of the “pumps” will differ. 

ny flight regime, an aircraft must resort to stalled 
in order to effect the required cooling flow, any 
ly well thought out forced cooling installation 
produce sufficient performance gains to justify 
the case of transport airplanes, the airplane gross 
n accordance with Civil Air Regulations is limited 
gle-engine ceiling, and it is known that the cowl 
3 ire wide open for single-engine operation, forced 
hould enable a substantial increase in gross weight 
rried to the same altitude or, conversely, the same 

ght could be carried to a higher altitude. 


5: 


= finally, and, again, generally speaking, it is quite obvi 


ubmerged pusher installations will require some 
lorced cooling, at least on the ground. 

he other hand, an engine can cool under all the 
urplane operating conditions without stalled flaps, 
n as to whether or not performance will be 


y the application of forced cooling is not one to 
iphazardly. The answer can only come from a 

q ind quantitative cooling analysis of the airplanc 

nd without forced cooling. 

his connection that the real problem lies. As 

reviously, there are obvious mechanical and 


limitations in the application of forced cooling, 
ust be balanced against the expected perform 
In order to understand the problem intelli 


1 
ader must become familiar with the common 


ters which can be used to demonstrate the 


as affected by changes 
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discussion will not be 


4 meters. The following 








HIS report is written with the intention of pro- 

viding a better understanding as to the possi- 
bilities, advantages, disadvantages, and limita- 
tions of both flight-induced and forced cooling. 


Herein presented from a different point of 
view are the essentials and fundamentals per- 
taining to both types of cooling for incompressi- 


ble flow. 


Generalized effects of various cooling param- 
eters on cooling power are included in plot form 
in the body of the text, while mathematical 
proofs and derivations are submitted in the Ap- 
pendix. 


THE AUTHOR: J. H. BREWSTER, III, as semior acer 


, nautical engineer of the Research Division, United Airer 
Corp., has spent much time studying t ef 
cooling on aircraft performance —a subject in which 
particularly interested. Mr. Brewster, who is a 
Yale University and M.1.T., has written several 
the cowling and cooling of radial engines, some of whi 
have been published by the National Ac ry ( 


for Aeronautics. 





concerned with conditions in which 


t 1s necessary to stall 
cowl flaps in order to provide the necessary cooling pressure 
drop, for two reasons: one, it 1s already assumed that the 
reader is familiar with the tremendous drag associated with 
stalled flaps,” * and, two, the effect of stalled flaps will only 
serve to confuse the issue and exaggerate the effect of the 
cooling parameters. 

Since fans are the presently accepted means of providing 
forced cooling,’ the following arguments will be confined 
to fan cooling. It should be remembered, however, that 
any type of forced cooling follows the Same gene! il patt rm, 


the difference between types being reflected only in_ the 
magnitude of the effects. 


= Interrelationship of Engine Conductivity, 
Cooling Flow, and Cooling Pressure Drop 


As an introduction to the physi al reasons ¢ xplaining the 
interaction of the various cooling parameters and_ th 
potentialities of forced cooling, consider an airplane travel 
ing at any given speed V. A mass of cooling air M is taken 
aboard the airplane and, as long as that mass remains 1 
the airplane, it must have a dynamic energy 


to V MV-. It 


energy is supplied to the mass by the airplane its 


content equal 
is important to remember that this dynam 


lf throug] 
the agency of the engin propeller combination At the 


1 
moment the mass Was picked ul hows ver, 1f not Only 


p, 
acquired a dynamic energy content due to the speed of the 
airplane, but it also acquired a pressure (01 potential ) 
energy which, added to the dynat energy, ¢ ( a ota 
energy content which 1S equal to MV Let it be a 

now, that the re are no engine resistances OF other p1 ure 
losses in the system. Since the dynamic energy o 

cannot be lost as long as the airplane maintain 

speed,* and since, further, th pot ntial energy cannot bk 
lost because there are no resistan n tl ti t i 

M will make its exit with a velocity equal to the 


velocity, and Wi reimpart t ie alr in I irr 
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= Fig. | —Diagram of automobile equipped with frictionless scoop 
in front and frictionless slide in rear 











of energy that the airplane initially imparted to it. There 
has been no momentum change, and, therefore, the case 
represents that of zero cooling drag. This much of the 
problem is obvious. , 
Now, however, let it be assumed that all of the potential 
energy is lost in the engine resistance. Two effects will 
thus result: (1) the pressure at the rear of the engine will 
be zero, and (2) because the free-stream pressure is zero, 
the theoretical exit velocity will also be zero. If the mass 
is allowed to exit from the system with a final wake 
velocity equal to zero, all of its energy MV* will have been 
dissipated. In a situation like this, it is obvious that by 
adding energy somewhere in the system equal to the 
potential energy that was lost in the engine resistance, the 
entire energy content MV? will thereby be regained and 
the cooling drag will, as before, be zero. The airplane 
performance will be affected only to the extent of the 
power supplied to regain the energy that had been lost in 
the engine resistance. This energy was equal to only one 
half the total energy, but if it had not been added arti 
ficially, all of the energy would have been lost. Therefore, 
the forced cooling system is twice as effective as dynamic 
cooling in this case, and involves the loss of only one-half 
as much power. It is significant that it requires only the 
addition of one-half the energy to regain the original and 
total energy content. This sort of situation is only possible 
when some independent agency (such as engine and pro 
peller) assures that the dynamic energy is always available. 
In so far as the vehicle used to add the required potential 
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CONSTANTS 
Q/sv = 10 quire more power to retain the same 





energy is concerned, it has a “propulsive” efficiency of on 
over one-half, or 200%! It should not be Startling to 
realize, then, that forced cooling can, under certain cop 
ditions, offer substantial performance gains, since, first, we 
are dealing with propulsion and, second, there is a ver 
substantial margin to work with. 


y 


These physical occurrences which take place in any cool 
ing installation can perhaps be better appreciated by , 
simple analogy, suggested by G. E. Beardsley, involving a 
automobile equipped with a frictionless scoop in front an 
a frictionless slide in the rear, as illustrated in Fig. ; 

As in the case of the airplane, the car has a forward 
speed V which is induced by its own engine. A spher 
having a mass M is scooped up at station 1, and the s 
is so designed that for any given V, the mass just co; 
to rest at the top of the scoop (station 2). Again, as 
case of the cooling air in an airplane, this mass M m 
have a total energy content equal to MV*. It must, 
virtue of having a forward velocity equal to that of : 
automobile, have a dynamic energy content of 4M] 
Furthermore, the other half of the energy can be considere 
potential energy. If the sphere is allowed to slide dow; 
and off the frictionless scoop at the rear of the automob 
(station 4), it will reimpart to the car whatever energy t! 
car had imparted to it when initially scooping it up. Th 
velocity of the sphere at the end of the scoop will be equ 


OX 


to the forward velocity of the car, the mass will be lef 


motionless in the road, and thus no momentum change ha 
taken place. This is identical to the situation existing 
the case of zero cooling drag. 

Consider now what would have happened if, when t! 
sphere was resting at station 2, it had been allowed to dro; 
down the well to the floor of the car (station 3). All of it 


potential energy would have been dissipated (as heat, for 


example), but it still retains a dynamic energy of MV" 
This case is analogous to that of the airplane i in which a 
of the potential energy was lost in the engine resistance 


If, now, the sphere is allowed to drop out the bottom o! 


the car (station 3A), its entire energy content is lost in 
far as the car is concerned, since its velocity relative t 
car when leaving the car is zero, and the automobile h 
been slowed down by an amount commensurate wit! 
energy associated with picking up the sphere. It is 1 
difficult to see that, were the car forced 
pick up one mass after another in a cont 
uous process (as an airplane picks 
mass of cooling air in flight), it woul 


os ward speed. This is the nature of co 


1.0 drag in its most vicious state. 
1.0 


If, when the sphere was resting on 
floor of the car. a small elevator, deriving 
power from the automobile engine or ! 
an auxiliary power source, had | 
mass M to its former position at stati 
the entire energy content MV? would 
been regained by the process of add 
one-half of it. Again, as with for 
ing, the vehicle supplying the « 
quired to raise the sphere has a } 


3.0 


a Fig. 2- Effect of engine conduc- 
tivity 
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MV? over 4MV*, or 200%. Furthermore, if 
now, as before, allowed to roll down the fric- 
_ no energy will have been lost, no momentum 
have occurred, and, again, there would exist a 

ous to that of zero cooling drag. The perform- 
car has been affected only by the amount of 

iired to raise the sphere from station 3 to station 
alf the amount of power associated with allow 
ere to fall down the well and drop out the floor 


is not 100% efficient, the analogy of the car 
still holds, since the ball would simply not be 
raist the full height by the elevator. However, much 
r would be saved, even in this case, by allowing 
slide off the rear of the car, rather than escape 
sly out the bottom. Another point to consider when 


jiscussing fan efficiency is that the propeller, to which the 
® engine normally delivers power, is seldom more than 85% 
® efficient. Unless the fan is less efficient than the propeller, 
the 2 propulsive efficiency margin still exists. The 


vat does exist is the ratio of fan to propeller ef- 


® ficiency times 200%. As far as cooling drag is concerned, 
® considerably more than a 200% margin can be realized if 
| in is more efficient than the propeller. 

® Summarizing our present knowledge, the following 


ts can be made: 
ire only two ways to reduce cooling drag, 
Add potential energy to the cooling air mass by arti 
imping 





Reduce the pressure-drop losses or resistances in the 


a t so that the mass will “slide down the incline in 


fall down the well.” 

latter system is employed, then the difficulties, 
cations, and problems of forced cooling can be 
rder to illustrate these effects in terms of cooling 
rs, consider Fig. 2, in which the ratio of cooling 
th a fan to cooling power without a fan (a fan 
instance representing the mechanical pump) is 
: tted against fan pressure rise for various engine con 
at constant O/SV, the flow ratio. This latter 


OWeT W 


bodying engine cooling flow Q, engine disc area S, 


lane true speed V, is numerically equal to the 
of engine conductivity and the square root of the 
gine pressure drop, as per the fundamental flow equa 





This condition is exactly analogous to the condition in 
which the sphere is resting on the floor of the automobile 
All of the potential energy has been dissipated, but the 
mass still has a dynamic energy equal to 4%4MV*. Con 
sequently, if we provide a fan pressure rise AP;/q equal 
te one, we should expect that the cooling power with a 
fan would be exactly one-half of what it was without a 
fan. This can be seen in Fig. 2 by referring to the curve 
of engine conductivity Kq equals 0.10. It will be noted 
in the table of constants that the flow ratio O/SV is also 
equal to 0.10, that the entrance and exit losses Lp are 
equal to zero. The other ratios shown in the same table, 
that is, ratios of propeller to fan efficiency, free stream to 
exit density, and free stream to fan density, are all equal 
to one. This simply means that their effect is canceled out 
for this particular example. 

It should be carefully noted that Fig. 2 demonstrates 
another important point. If, for a given value of O/SV 
(fixed values of cooling flow, engine disc area, and air 
plane velocity), the required engine pressure drop could 
be decreased (the conductivity thus becoming higher), 
less and less could be accomplished with forced cooling 
For example, by retaining a O/SV value of 0.1 and as 
suming a new conductivity of 0.4, the margin of propulsive 
efficiency has been almost used up, since, instead of losing 
potential energy in the engine equal to 1q (or one-half the 
entire energy content of the mass, M), only 1/16th of the 
potential energy has been lost. In other words, AP/q r 
quired across the engine now equals 0.0625 instead of 1. 

Following the argument further, it can be seen imm« 
diately that, for a given value of Q/SV, increasing the 
engine conductivity (Fig. 2) has the same effect as holding 
the conductivity constant and decreasing O/SV (compare 
Fig. 3). 
decreasing the flow or by increasing the airplane speed V 


O/SV can be decreased for a given engine by 
x 5 i 


Thus, for any reasonable engine and installation, forced 
cooling can hardly ever be expected to pay dividends in 
high speed (with the possible exception of jet augmenta 
tion). But in climb and cruise, where V ts low, care must 
be taken to evaluate the possible gains properly. 

Summing up the information in Figs. 2 and 3, the fol 
lowing can be concluded: 

1. Most 


should not be expected to realize any substantial gains in 


conventional airplane-engine combinations 












































Q . AP 
= Ky 
SV qg < 
” 40 7 T 7 
b . | ] 1 if | | , « | | } | CONSTANTS | 
required engine pressure drop, in 1a/sv =.05 7 
| Z } I i t — = = : 1 a | + +—_— 4 el 
ree-stream dynamic pressure, is F | a ah 
; 2 | | = Neg re 
ne, and, for a given airplane flight . si | | = —*: 
ul } | “ ” | 
n, there exists a pressure drop across 3 | aaa ee — + 
lt I irpl & a, | eo 
equal to 1q, the airplane must | F Fal | 2: | | 
, 1: . r 1 = 1.00 } + 4 |Z | >. st + ~ + 
city V, a disc area S, and a cool F |“ | | | 
. "TF — A | a | 
Y, such that the flow ratio O/ST 8 ” on or a oe oe ee ee oe ee ae 25, 
< 7 | | 
= call ~ } " 
ImMericz . ns »C Z - | 
- cally equal to the engine con z " 1—+ _ je | Za t+ pool 
nder these conditions of flight, s ; | | |} | 
t . —_—4+—-—_—__+-__—_ -— —__——++ + + + +— + + + —+ + ——4 
re at the rear of the engine and . T 1 | | rT | 
. . bs | . + | 
cal exit velocity will be zero, pro © eK Ne ee ee as Sa Sn SS E> coe GO GONE GS GE GE Ge 
: . ° “ = | i 
€ are no entrance and exit losses & | —— | 
a a = + | EE + + +— 
Oo | | 
z | | 
—_ a ae ee | a it z= eS Soe eee | 
R P- O5 0 20 é 
5 a Fig. 3—Effect of i AF 
3 9 ct of varying the PRESSURE RISE ACROSS FAN OPs 


flow ratio O/SV 





DYNAMIC PRESSURE 





FREE STREAM 








high speed with the application of forced cooling, since 
here the engine pressure drop required to cool is usually 
a small percentage of the available head. 

2. Regardless of altitude, when the engine plus installa- 
tion pressure drop is a large percentage (60% and up) of 
the available head, the margin of possible increase in pro- 
pulsive efficiency by the use of forced cooling is consider 


able. It is here only that real gains can be made. 

3. Aircooled engines will not need fans or forced cool 
ing if, for any given cooling flow, the engine conductivity 
is high enough to keep the required pressure drop always 
a small percentage of the available dynamic head. This 
statement also applies, of course, to the installation as well 
(See following section.) 


w Effect of Entrance (or Exit) Losses 


Reference is often made to the “pressure recovery” at 
tained at the engine face in conventional cowling installa- 
tions. It is at this point that the installation, as well as 
the engine itself, must be considered. Assume, for example, 
that an engine of zero pressure drop is to be placed in a 
conventional tractor installation. The engine, by itself, 
of course, in this instance has no cooling drag associated 
with it and requires no forced cooling. Due to a poorly 
designed cow] entrance, however, a “pressure recovery” of 
0.5q (total energy) is realized at the engine face. In the 
first example, it had been assumed that there were no 
entrance losses and that one-half the available energy was 
lost in the engine; in this example, zero engine losses are 
assumed and one-half the energy is lost upstream of the 
engine, or downstream. What is the difference? Forced 
cooling can still be applied, since the 200% propulsive 
efficiency margin still exists. In other words, it is the 
O/SV, the conductivity, and the pressure drop of the entire 
installation from entrance to exit that determine the pos- 
sible performance gains attainable by forced cooling. If 
an engine is not cooling, it is not always the engine’s fault, 
nor is it always the installation’s fault. The two are and 
should always be considered as a unit, a combination, not 
as separate parts or entities. 

From Fig. 4, it is clear that, as expected, the lower the 
pressure recovery, the greater are the possible gains from 
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torced cooling. One word of caution is necessary 
It is assumed that the pressure recovery at the face 
engine is the same whether a fan is present or not. [fy 
tan were placed downstream of the engine, the as 
is logical and practical, since the entrance configuration 
and losses are unchanged. On the other hand, and here 
lies one of the limitations of fan cooling, the pressure 
covery at the front face of the engine for an upstream {ay 


tal) 


Sumy UOp 


installation may, of necessity, be worse with a fan thay 
without one. A situation like this could arise in the fo} 
lowing manner: Let it be assumed that the fan must }» 
driven at propeller or even at crankshaft speed. The {a 
design rpm is then fixed. If a high fan pressure rise 
required to give a reasonable cooling drag, a high rat 
of fan hub diameter to tip diameter may also be required 


1 rs 
in order that the desired pressure rise can be obtained. |f & 


Ai, 
further, the fan is located at the cowl entrance, it is quite 
possible that its annular area will turn out to be smaller 3 
than the annular area that existed there before the far é 
was added. The diffuser length (from cowl entrance t ‘ 
engine face) is unchanged, but since the diffuser throa 
with a fan is now smaller, it is to be expected that the 


$ 





diffuser losses will be higher (for a given flow) and the a 
pressure recovery lower. If no large obstructions exist in J 
the diffuser, the installation is subject to theoretical analysis ¢ 
and it is no difficult task to reach a compromise between iy 
fan pressure rise and diffuser losses. Decreasing the hu! * 


tip diameter ratio will mean less fan pressure rise fora 7 
given fan rpm, but the velocities will be lower and, con 7 
sequently, the diffuser losses will also be less. Ordinarily 

a propeller speed fan will be sufficient and practicable fo: 
conventional tractor installations. If, however, pressure 
requirements are excessively large, crankshaft speed may be 
necessary, and in special cases only should it be necessary 

to resort to rpm’s higher than crankshaft speed. 





Summarizing, then, the import of Fig. 
cluded that: 


4, it can be con 


1. It is extremely important to keep installation losses 
as low as possible. 








2. If, without a fan, installation losses are high, gains 
are possible from forced cooling even tf the engine by it 
could not gain by use of forced cooling. 

The 


noted by those responsible for engine inst 








above conclusions should be 


lations. In other words, if you want 
avoid the added complexity of fan cooling 3 
do not put obstructions in the cooling 
stream, or any air stream, for that matter 
One of the other parameters affecting !! 
cooling power associated with fan instal 
tions is the ratio of propeller to 
ciency. 


CONSTANTS 


Kg 48 
Q/sv 10 
Ne/rny 1.0 
Pe / Pe 1.0 


Here, however, it is the prop 
propulsive efficiency and tke fan “work” o: 
output-over-input efficiency that n 
considered. 


e/ es = 1.0 


Referring to Fig. 5, the rather o! 
fact is demonstrated that fan cooling 
beneficial in proportion to the d 


which propeller efficiency is low 


a Fig. 4— Effect of pressure recov- 
ery PR/q in cowl entrance 
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fect of ratio of fan efficiency to 
propeller efficiency 


Actually, variations in tan 
not too important since fan 


1 
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lf for a reasonable installa 
ept fairly low. 
lifterent density ratios on cool 


hown in Fig. 6. As with all 


A 


ro 


, 2, to cooling air exit density, 


considered, refers to free 
lensity in which the fan is 
general, the plot demonstrates 
fans are to be preferred, and 
ratio of free-stream to discharge 


mes greater for a given fan 


y 


less benefit in utilizing fan 
of course, merely further 


of what has already been stated, that if an 
rge engine heat rejection and heat transfer 
‘yet, are associated with a low engine pres 
re will probably be no necessity for artificial 


ibove discussion and review 
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conditions 


ntavorable for fan cooling can now be sum 


ind 


y, and fan cooling in particular, need not 
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necessary if enyine, 


re far enough advanced. 
ent moment 


some engines 


equire torced cooling. Others do not. 


APPENDIX 


Flight-Induced Cooling Drag and 


Cooling Power 


in b¢ 


low ce 


es 


at 
ed of flight 


th this process a simple chang« 


some velocity 


. There is, of course, 


‘ which may, with refer 
>, be expressed as: 


y a? (1) 


} 


ng drag, lb 


low, lb sec per It 


t speed, fps 
loc f 
Velocity 


a momentum 


force exists quan 


} 


‘ 1 
between points of equal 


nN consequence, the dis 


at station 5 cannot be con 


I he velocity differ 


aSIS for t 


= Fig. 6 — Effect of varying density 
ratios 





and/or 


1S taken aboard at flight speed, 1S slowed 


hnal comprehensive statement and con 






radiator, and installation 


engin 


wl 





e-stream Static. 


THP, 


time as the static pressure has ag 


PRESSURE RISE ACROSS FAN __ SP¥ 

FREE STREAM DYNAMIC PRESSURE be | 
ence. since the static pressure here 15s less than that at 
station 6, and further losses must take place until such 


ain become equal to the 


The cooling thrust power, from elementary relationships, 
is then: 


M 


] ) J ”/550 


and the brake horsepower is 


M (V. 
BHP, 2 


1e re 


Props ller efficienc y 


In an attempt to avoid the determination of the rather 


nebulous term V6, 


represented by a change in momentum. 
1al radiator or aircooled-engine installation, 


ind to make use of the discharge ve 
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, which is easily computed, cooling drag 1s often 
written as: 


D, = M (1 V;; + AP 1 {1 = Area upon which 


AP _«) is acting 


The above expression is, of course, theoretically exact 
for smooth flow in pipes, provided the flow boundaries, 
orifice coefficients, and pertinent areas are definitely known. 
In the case of a nacelle or fuselage embodying a variable 
exit, however, the boundary, orifice, area, and static pres 
sure conditions are extremely difficult to evaluate for the 
unstalled flap condition, and are actually almost impossible 
to evaluate in the case of stalled flaps. Experience has 
shown that, in the latter case, it is considerably more ac 
curate to estimate V., for two reasons. 
for a clean installation, 
energy loss from station 5 


In the first place, 
there exists only a small ‘otal 
to station 6 when the exit flaps 
are unstalled. That loss can be quite reasonably estimated 
and can be considered as a “jet efficiency.” The total head 
losses from station 5 to station 6 should not exceed about 
10% of the value of total head at station 5, or in other 
words, a “jet efficiency” of 90% may reasonably be ex- 
pected with a good exit design. In the second place, when 
dealing with fully stalled flaps, the final velocity, V6, is 
equal to zero, and all that need be considered, then, in 
addition to the momentum loss, is the form drag increment 
of the stalled, or partially stalled, flaps. In present-day air 
cooled engines, the so-called “conductivities” or baffle re 
sistances are sufficiently low almost to ensure effective exit 
pressures for stalled flaps being less than free-stream static. 
If that exit pressure is less than stream static, energy must 
be added from somewhere in order to overcome the ad 
verse pressure gradient existing between station 5 and sta- 
tion 6. The required energy can only be obtained from 
the free stream, and that energy is obtained in about the 
most inefficient way imaginable, by stalling the flaps. 

Returning now to the estimation of the final velocity, 
V,, the term can easily be determined by considering the 
following relationships: 


ans ey 'g, = Rearty — Rie tgp weld VS + ha. 
where: 

Ps Total pressure at station 4, lb per ft" 

Pr Ps Free-stream static pressure ( 

q —= Free-stream dynamic pressure, lb per ft" 

gt == Dynamic pressure of stream at diffuser throat, 


lb per ft* 
Lp 
AP x 


. 2 6 - 
r6 r4 fro 


Assumed diffuser losses, Yo of 4 

Engine pressure drop, lb per ft 

Density of cooling air obtained from 
temperature rise across engine 


V ¢ Final velocity of cooling air, fps 








L, = Assumed losses from station 4 to staty 
total head at station 4 

Letting (1 iy) = 
the above equation for V¢: 


9) 
=-1J 

\ 7 q Lp Yt 
Pe 


Ns, a “yet efficiency,” 


V. = AP; 


where 


Pe = Pexit = /P6 by 


assumption 


Discounting friction considerations (which, in 


actu 
should not be done), it is evident from equations (2 
(4) that, in theory at least, zero cooling power is a 
sibility, provided the heat rejection from the engin 
heat transfer to the cooling air are sufficient to prod 
low exit density and, thus, a high final velocity. Thi 
discussed “Meredith effect” has, to date, been more 
fond hope than a realization. 
reasons include such factors as too large engine pres 
drops, too high friction losses, and insufficient heat trai 
Several of these effects balance out, others are additive 
In speaking of cooling power it should be empha 
again that the OAP across the engine is not the co 
power of the engine installation. The OAP throug! 
engine is the minimum energy loss, neglecting Mer 
effect, for incompressible flow that any installation 


Some of the rather oby; 


L 


have, since it means simply that all entrance, exit, and 
losses are zero. 
tainment. 


This is, of course, quite impossible 


Forced Cooling Drag and Cooling Power 


Che derivations for forced cooling drag and pow 
be carried through in similar manner to that used 
flight-induced cooling. Consider, then, Fig. 8 and tl 
lowing nomenclature: 

P = Total pressure, lb per ft° 
Jo —— 
gq= 


Free-stream dynamic pressure, lb per ft 


Dynamic pressure at diffuser throat, lb p 
p = Static pressure, lb per ft° 
Po = Stream static O at stations 1 and 6 
y= Velocity, rps 
V,= Free-stream velocity, {ps 
W = Weight flow, lb per sec 
g — Acceleration due to gravity, ft per se 
AP j-2 = AP; = Fan pressure rise, lb per ft? 
AP.-, = AP» Diffuser loss, Ib per ft” 
AP3-4 = APy = Engine pressure drop, |b pet 
AP, AP, Engine compartment and downst 
duct loss, lb per ft* 
AP;-¢ = Slipstream loss, lb per ft? 
Lp = Diffuser loss, “% of dynamic pressur« 


throat 


wm Fig. 7 - Diagram of aircooled-engine installation 
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s Fig. 8 —Diagram of aircooled-engine installation equipped with fan 


Combined downstream duct and slipstream 


loss, %o of total head at rear of engine 


t efficiency (from station 4 to station 6) = ny 
ropeller propulsive efficiency 


P 
Fan (output/input) efficiency 
Fan propulsive efficiency 
Fan brake horsepower (input) 
otal brake cooling horsepower 
Density, slugs per ft® 
rake horsepower is 
MW AP 
/ 
BHP - : 
000d py ne 
<e horsepower due to momentum loss 
i} Ve — Ve) V 
BHP,, _———_—* 6 
550¢ ", 


as before) is 


+ 


otal cooling brake horsepower is 


W tz ee vey 
550a ps ns 
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BHP, 


» obtain AP; in terms of Vz, 


ia AP; ~ Lp qt —_ AP; Pe t pe 2 Ve + Ly P, 


nJ 


ing equation (8) in equation (7) 


De 2Ve 
—q+Lpq:+ APg 


lJ 


PINS 
lating with respect to V¢, assuming that 


Ps = Pexit = Pe 


Pe Ve vs 


1 (BHP, 
d Ve 
rd 


NIPINS "p 


nz ps/Pens/np Ve 9 


(9) is the basic condition for optimum cooling 
and it is evident that Vg may be greater or less 


pending on the values of density and efficiencies 


ng equation (g) in equation (8) will give the 
in pressure rise for any set of conditions, and 
the optimum values of AP; and Vg» in equa 
es the optimum cooling horsepower for any 
tion, 


moment, it is assumed that bv some such 


process as outlined above, the momentum drag associated 
with cooling airflow can be reduced to zero (by having 
the cooling air exit velocity equal free-stream velocity), 
the immediate question arises as to whether there would 
be any advantage in supplying sufficient pumping to eject 
the cooling air at velocities above that of the free stream 
and thus achieve 
differentiate 


must be taken here to 
which 
\ which involves taking 
shaft horsepower from the main powerplant. It is beyond 


a thrust. Care 


between ejector pumping, utilizes 


waste energy, and fan pumping, 
the scope of this paper to deal with the former type, and 
so consideration will be given to the latter type only. 

It should be emphasized that the propulsive efficiency 
now to be considered is radically different from the typ 
discussed previously in the body of the text. Earlier in 
this report mention was made of the “propulsive” efh 
ciency of forced cooling devices. This particular type of 
propulsion, quite obviously, was not associated with a 
“thrust,” except in so far as a reduction in drag can be 
considered a thrust. When dealing with actual thrust put 
out by the fan, however, propulsive efficiency should be 
considered exactly as in the case of a propeller, that is, the 
ratio of power available for thrust on the installation being 
considered to the power input to the propelling (or pump 
ing) device. Thus, in the former case, exit velocities up 
to the free-stream value were considered, and, now, exit 
velocities greater than free stream will be investigated. 

The conditions for optimum fan propulsive efficiency 
may be found in the conventional manner: 

W y - 
THP caren ton~jot cmt or 
BHP ta: 


550 
AP; 3 
550q prsny 
Replacing AP, by its equivalent from equation (8) :%s 
Vo — Vs) Vo prny 


"sr 


or, dividing numerator and denominator by q, 


pens (1 — Ve/¥ 


V./V.)? Load 


) 
apr 
"fr 
APeg 


Yeo q 


From equations (10) and (11) we can immediately 


state that for high fan propulsive efficiency, the following 
conditions are required (some of which are obvious) 

1. High values of q, which means a high flight speed 
for a given density (or altitude), or a high density for 
given flight speed. 

2 Low velocity to flight 


ratio of slipstream 
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This means that for a given MV product a large mass mov 
ing at a low velocity is more efhcient than a small mass 
moving at high velocity. Both conditions (1) and (2) 
serve qualitatively to demonstrate why jet propulsion is 
relatively inefficient at take-off and low speeds as compared 
to the 

3. High ratio of fan to free-stream density. This means 
that the fan should be upstream of the engine, unless, of 
course, the required fan pressure rise is so hrgh that the 
adiabatic temperature rise through the fan increases the 
required engine cooling flow enough to offset the initial 
power advantage of a fan operating at the lower volume 
flows existent at the engine face. In 






































FREE STREAM DYNAMIC PRESSURE 


propeller. 


present fan requirements the evidence indicates that an 
upstream fan installation has a definite power-saving ad 


vantage over a downstream installation. 





4. High fan, jet, and diffuser efficiencies. 


5. Low engine pressure drop. This has already been 
discussed previously in connection with the Meredith ef- 
fect. It means that engine conductivities should be high 


for any given flow. 


7. 
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PROPULSIVE EFFICIENCY 
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LIMITING VALUES OF FAN 


this connection it 
might be well to emphasize that for present airplanes and of 


5>/Oe, Or/Co, and 0, 


to 1.0, meaning that the heat reject 


o,, are all assun 


the engine is not utilized and that ti 


either upstream or downstream of the engine. 


theoretical maximum propulsive efficiencies ox 


puted, as shown by the solid line. 


| 


pressure rise. 


that ¢,¢, equals 1.25 instead of 1.0, and that 


f 
100 ¢.,. 


c 


cur 
AP»: /q equals zero, a limiting efhiciency curve can 
As AP; q 
larger and larger finite values, the efficiency falls 


the curves have lower peaks at increasing values 


| 


It is interesting to go turther and to explore th« 
ties of moving the maximum efficiency curve upward 
membering that a high ratio of free-stream to exit 
is conducive to high propulsive efficiency, let it be 
the 
still upstream of the engine and has a “work” efh 


The limiting values of efficiency for this 
tion are shown as curve No. 2 in Fig. tro. 


The curvy 


been raised considerably above the original curve (N 


If the fan is then moved downstream of the engine, ! 


taining 0/0, 


than curve No. 1 at high fan pressure rises. Agait 


rise through the fan is high enough, the upstream 


equal to 1.25, the limiting efhicien 
considerably less (curve No. 3) and become even 


be cautioned that if the fan pressure ratio and temper 
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have no advantage over a downstt 
stallation, and may even be at a disa 
tage. Design altitudes and fan re 
ments have not yet become sever 
to warrant high pressure ratios. 
a definite ratio ot 
for any given value of AP,/q, the 
the efficiency curves shown in Fig 


Since there is 


sent optimum values of the ratio « 
It is then a simple matter to p! 
optimum ratios against final vel 
See Fig. 11. These are general « 
may be adjusted for other fans si! 
multiplying the values of Ve/V, of 
by the fan efficiency being consider 
obvious inference from this plot 
V, can be made equal to Vo, “ 


a Fig. 10 —Limiting values of fan 
propulsive efficiency 
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RATIO OF SLIPSTREAM TO FREE STREAM VELOu. SY 
Ve 
Vo 
Ds Fig. |! — Ratio of slipstream to free-stream velocity for optimum 


fan propulsive efficiency 


, nothing will be gained by then installing one 


d previously, the discharge or jet efficiency 


ise too much concern. There is no reason 
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ation of fan and total brake cooling horsepower 
with fan pressure rise in climb 








to suppose, even in a conventional firewall flap installation, 
that the discharge efficiency should be less than 90%, pro 
vided only that the flaps are not stalled. The use of a fan 
eliminates this consideration, since there is hardly any value 
in utilizing a fan of such low requirements that the flaps 
must be stalled at some point in the flight range. 

In all of the derivations thus far considered, no account 
has been taken of the adiabatic temperature rise effect. 
Actually, in present-day engine installations, with or with 
out a fan, the air speeds at which critical cooling problems 
are encountered are sufficiently slow that the temperature 
rise due to “adiabatic compression” can legitimately b 
considered as of secondary Importance 

In order to compare the total cooling horsepower of in 
stallations with and without fans, use is made of equations 


(4), (6), and (7) in the following manner: 
W AP, (Ve—Vs) Ve 
BEF. Cetth tia 550q psn Np 


son ein Ww (V.-—V.)V 






n»/nr AP p 


} 





Since Vg is dependent on many variables (equation 9) 
such as Go, AP;, AP x, diffuser and jet efficiencies, densities, 
ind so forth, the effects of these variables on the ratio of 
cooling horsepower with and without a fan are not imm« 


diately evident. It is a simple matter, however, to substi 


tute the equivalents of Vg (with and without a fan) in 
terms of useful parameters such as: 
Kq, the engine conductivity; 
OSV, the flow ratio; 


2o/ Se, Tree-stream to discharge density ratio; 
concluded on page 165 
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a Fig. 13-Variation of total brake cooling horsepower with fan 
pressure rise at high speed 






















POSSIBILITIES OF GASOLINE ENGINE 
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N predicting the future development of the 

gasoline engine, it is necessary to take into 
consideration, in addition to engine design fac- 
tors, both the fuel and the metals that will be 
available. 


Nonpremium gasoline, Mr. Baster believes, will 
be at least 90 octane, and the alloys of both 
aluminum and magnesium will be priced com- 
petitively with cast iron. 


The engine of the future, Mr. Baster states fur- 
ther, will be about the same size as those of to- 
day, but it will have considerably higher output 
and will cost less in terms of dollars per horse- 
power. 


Some of the more specific improvements that 
the author sees are: more precise spark timing, 
which will be required for increased compression 
ratio; improved spark plugs, using electrodes of 
more suitable materials; bearings able to take 
higher loading; increased oil capacity; and the 
use of supercharging on large power units. 





N the past few months many prophets have arisen to 

forecast the future of this or that so I will be in very 
good company if I join them and attempt to prophesy the 
things which we may expect in the future gasoline engine. 
In attempting to forecast, one must first recognize that the 
gasoline engine is a heat engine and it is only through 
increased thermal and mechanical efficiency that we may 


expect to extract more actual foot-pounds of work from a 
dollar’s worth of fuel. 





THE AUTHOR: FOREST S. BASTER (M ’20), vice 
president in charge of engineering, White Motor Co., has 
played a leading part in the development of the company’s 
modern line of trucks. He entered the automotive field in 
1919, a year after graduating from the Case School of Ap- 
plied Science, and became affiliated with Packard Motor Car 
Co. Since then he has been connected with the engineering 
departments of Buick, Lafayette, Graham-Paige, 
Motors, Hupmobile and Lycoming. In 1936 he joined 
White Motor Co., where he served as assistant and then 
chief engineer before assuming his present position in 1941 


General 





[This paper was presented at the SAE National West Coast Trans 
portation & Maintenance Meeting, Portland, Ore.. Aug. 24, 1944.] 


In a paper of this type, perhaps it would be beg, 
review a bit of the past history of commercial truck ay: 
bus engines with regard to compression ratios, averse 
rpm at peak horsepower, pounds per brake horsepower 
and average displacement. In Fig. 1 we can see 








that th 




















Bie! a se 
| | } 

en ES 

pRRRERRES o 

Zz 5'—__-#_+-—_ + + + TT 

° | | | 

Lt) Se ae Ss 4} +4 

wy 

at, cae te ee 

a. 2 | | Pm 

aaa a J 

°o f | | | + ca 

acc TR ets Cee Sees | Bua: | 








“1920 «41930 1940 


= Fig. |-Trend of compression ratio changes in 3- to 
4-ton trucks for 1905-1940 


1900 1910 





compression ratio from approximately 1905 to 1925 stay¢ 
constant at 3/2 or 4:1. At that time a comparatively rapi¢ 
increase in compression ratio started to take place and the 
average list in the trade journals as of 1940 is approx 
mately 6:1. 

In Fig. 2 is shown that for the same period, that is up' 
1925, the average engine in a commercial vehicle had fou 
cylinders; and in the next ro years there was a rather raf 
swing to six cylinders. 

In Fig. 3 we show that over this same period of years the 
engine weight in pounds per brake horsepower output ha 
gradually decreased from approximately 35 in 1905 t 
little less than 10 in 1940. 

Fig. 4 shows that the average road speed at which < 
mercial vehicles had been governed has increased 10 ! 
rather smooth curve from approximately 9 mph to t 
50-++ mph. 


In Fig. 5 the displacement of the average commercid 
engine has in the meantime decreased from about 
cu in. to approximately 330 cu in.; and despite this 
crease in displacement, the horsepower outputs shown ' 
Fig. 6 have increased about six times, to a point where 
average engine is very closely approaching 100 h 

In Fig. 7 you will note that the governed 


increased, meanwhile, from 1000 rpm to 3000 rpm. Al 
the above figures and charts were obtained by analysis 
the trade journals over this period of years. 

If we project these same curves on into the future wi 
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. ely the same rate of change, we will arrive at 
rset , speeds, and weight per horsepower which, at 
rst 2 , appears to be a rather fair improvement. We 
wever, that we cannot just project them at the 
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ncrease, tor, during the past few years, under 
ss, we have made progress at a considerably 
r pace than in normal peacetimes. 
nsideration of the engine of the future must be 
fuels available as well as materials which we will 
ible at this time. There have been remarkable 
ts in gasoline and oil technology, as we all 
ed upon us by requirements for higher and 
ghe itputs and bmep for combat aircraft. For this 
ngine of the future we believe that the nonpremium gaso- 
will be at least go octane and the lighter alloys (alu 
num and magnesium) will be priced competitively with 
[his above mentioned go-octane fuel will be far 
road performance to the 87-90 octane fuel which 
ble before the war as aircraft gasoline. It has 
| that the octane rating arrived at by the ASTM 
| motor method, or by the CFR research method, 
ve a true indication of the performance of gaso- 
road. For some time we believed that a com- 


th 


ese two methods, or the sensitivity as it was 


tre 


omparatively good correlation with road per 
ut since that time the CFR road testing has 
tact that some gasolines even though rated 
each of the two methods gave quite different 
upon the road 


1¢ past few years oil technologists have suc 
Fig. 8 
urves of three different gasolines all with the 
‘M octane number and two of them with the 
arch octane number. 


ilding gasolines practically to order. 


The normally aspirated 
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engine has an octane requirement shown by the dot and 
dash line, decreasing as engine speed is increased. As can 
be seen from the chart, gasoline B with an 8o rating by 
ASTM and Research will be of too low a quality for speeds 
below 1800. Gasoline A does somewhat approach the 
typical slope, whereas, gasoline C, with the same rating by 
ASTM and Research methods as gasoline 4, shows that it 
would be possible to increase the compression ratio of the 
engine were the manufacturer certain that no other gaso 
line other than those similar to C were ever going to be 
used in that engine. 

Now let us look into the crystal ball and see what the 
future holds for us. Engines will, in all probability, be no 
smaller physically than those now in use but will have 
considerably higher output. In the not too distant future 
it is easily conceivable that we shall have engines develop 
ing 165 bmep unsupercharged and 200 bmep supercharged 
with 0.55 to 0.6 hp per cu in. in the normally aspirated 
engine and even more in the supercharged version. 

Perhaps this seems to be shooting for a star, but you may 
remember that a paper given in New York in November, 
1938, forecast 125 bmep and at the moment that seemed 
audacious but within a year that goal had been surpassed 
There is today an engine which is developing over 140 
bmep with 80-octane fuel, so we are well along the way 
and this forecast of 165 bmep may also prove to be too 
conservative. 

The cost of these engines will be lower when measured 
in dollars per horsepower even though the dollars per cubic 
inch of displacement may rise due to better quality of 
materials which in turn contribute to longer life and 
lowered maintenance. 

These higher outputs will be needed, for, after the close 
of hostilities, this nation will undoubtedly have an era of 
road building which will produce main intersectional and 
transcontinental roads which will permit high speeds and 
this, in turn, may lead to legislation as to minimum speeds 


which must be maintained even on the upgrade. This 
minimum speed will be such that more and more power 
will be needed and we manufacturers will supply it. In 


order to do this, we will undoubtedly have to take full 


advantage of the fuel and completely redesign our engines 
most advantageously to use fuels we believe will be avail 
able. Fuels alone should allow 10% to 15% increase 1n 
output with very little change other than that we put i 

little off the head 


There are quite a number of ways in which additional 


high-compression pistons or shave a 
performance can be obtained, some of which may appear 
at the moment to be “gadgetry,” but with further intelli 
gent engineering development some of these may become 
quite the acceptable thing. 

ratios, for 


With the increase in compression instance, 


spark timing will, perhaps, become much more exact than 
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m Fig. 3—Trend of engine weight, in pounds per brake 
horsepower for 1905-1940 


that given by our present-day distributors with their rather 
wide tolerances as built in today’s production. Distributor 
points have been a source of a good many headaches, for, 
as the fiber block wears, spark timing on the engine 
changes, and the need for frequent maintenance has been 
a nuisance. There are at least two and possibly three 
different ways known at the present time by which these 
points could be eliminated. These systems would require 
a few electronic tubes but that can no longer be considered 
very much of a hazard for in so many of the aircraft 
wrecks where the plane has been a complete washout, the 
one piece of equipment that can most frequently be 
salvaged is the radio and its tubes. 
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a Fig. 5-Trend of displacement of average commer’; 
engine for same load-carrying vehicle for 1905-|94 
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ENGINE DISP. IN CU.LIN. 


plug design and higher impressed voltage on 
points may be required in order to fire the mixtur 

Spark plugs, too, are being developed rather rapi 
progress with electrodes made of platinum and tu 
(some using thorium, too) are now in production 
metals and alloys are used to increase the emissivity 
other words, to surround the points more easily wit 
trons so that the spark might jump across the gap y 
lesser impressed voltage. The mechanical design 
plug is also being improved and plugs will now 
for very much longer periods even with the heavily 
fuels. As an example of this, a small and what : 
apparently be assumed to be a comparatively unimponz 
change in electrode positioning and spacing gave an ext 
sion of time between servicing of approximately 
or 1000%. Another change permits control of the 
ature of the center wire which has been the hottest par 
the plug. With these improvements and others nov 
development, we may be fairly confident that the 
plug manufacturers will keep pace with anything t 
commercial vehicle will require. 

Bearing materials have been improved tremend 
the past few years under the stress of aircraft develo; 
In today’s engines copper-lead bearings are widely 
both for main- and connecting-rod big ends. In the 
use, the loading is in the vicinity of 1200 psi 
bearings carry a manufacturer's rating of about 3 
Bearing manufacturers are aiming and seem to b 
confident of obtaining bearings that will handl 
more than 2000 psi, with the same relative margin betw 
actual and manufacturers’ ratings. This manutacturt 
rating is made on standard bearing test machines 
are used with slight variations by each of the & 
makers. Wear is measured after a given tim 
rated load and if the wear falls below a previou 
lished figure the bearing is approved for this rating 

Aluminum bearings seem to be potentially 
rapid development. Silver bearings offer quit 
load-carrying capacity and it is stated that they 


extended life of the crankshaft. However, at t 
time the silver bearing costs from two to three 
of the best present-day copper-lead bearing. Ne\ 
of manufacture, including the plating process 
siderably reduce the final cost of a bearing of thi 
if it can be used for greater mileages will 
acceptable. 

In connection with the plated bearing, th 
knowledge have progressed rapidly during the 
special platings of 0.0005 in. on a bearing can 
make all the difference between one which will 1 


a Fig. 4—Trend of average road speed for 1905-1940 


New ignition systems are being developed which may 
eliminate the present high-tension secondary leads with 
their accompanying tendency to leak, have’ corona break- 
down, and sometimes even cross fire. These new systems 
use low-tension distribution and step up the voltage at the 
spark plug. With higher pressures at full loads and prob- 
ably leaner mixtures at full and part load both new spark- 
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and failure in a few thousand miles, indi- 
xture of the finish as well as compatibility of 
1 be a big factor in increasing bearing capacity 
life. To date, lead and indium have been the metals 
sed in the plating of commercial bearings, but 
research has been going on with the plating 
= the tals and much is expected from this research. 
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igine speeds increasing it seems imperative that we 

eep our piston weights as low as commercially practicable 
nd this seems to point rather definitely to the continued 
sc of aluminum. We know that ring-groove wear is 
rather rapid when air cleaners are not serviced 

Diten but that is a completely separate problem. Aluminum 


stons may be produced by new methods or combinations 


i methods now in use so that the future piston may come 
from a machine which will produce a combined forged 
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piston. These may be both stronger and 
1anufacture, even cheaper than the permanent 


nique which has been developed in manufacture 

rings will be continued in the production of 

ind passenger-car rings. Chrome plating of 

SS sion rings has shown a decided improvement 
iracteristics. It has been found that both the 
ring and the wear at the top of the cylinder 








barrel have been decreased remarkably, particularly, when 
some dirt is present. Ring tension and radial distribution 
of ring pressure studies have been carried on and better 
sealing and better oil control can be expected. 

A number of today’s commercial engines of compara 
tively high output have been using the sodium-cooled 
exhaust valve. While the cost of these valves seems today 
to be rather high, methods of manufacture are now being 
developed whereby the cost can be materially decreased 
without affecting life. Metallurgical advances in valve 
steels have progressed so that in engines of moderate output 
it may be possible to use more economical plain valves. 
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m Fig. 8—Variation in equivalent ASTM octane number with 
engine speed 


Valve seats are being developed which may take care of 
some small misalignment and eccentricity of the valve or 
a head which is slightly tipped out of the plane perpen 
dicular to the valve stem. These seats have been tried in 
some very high-output engines and have given a very good 
account of themselves. 

Oil pump capacity will undoubtedly have to be increased 
for with higher bearing loading, as well as higher rubbing 


9 


speeds, more heat will have to be carried away by the oil 
and oil may even be used for piston cooling, as it is in a 
number of today’s diesel engines. With this increased load 


on the oil, filters will have to take a greater part in keeping 


1 ] 


the oil in good condition and will have to do so with little 
or no attention. The filter that will efhciently service a 
high-output engine will not be just a blown-up version of 
today’s filters, for, space in the engine compartment is even 
now at a premium and will continue to be in the future 
so that filters, along with all other accessories, must im 
prove their efficiency as the engines are being improved so 


that they will not end up by requiring twice as much space 


1 


as the engines themselves. Oil coolers must also be con 
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Fig. 9 -— Effective valve timing 


sidered, as they too will have a bigger job to do in taking 
care of the additional heat which higher specific output 
entails; and despite this higher specific output we should 
be able to use the better grades of oil available today. 
Carburetors are, and will continue to be, improved, in 
order to give more accurate and constant mixture ratios 
with better atomization in order to facilitate the more even 
distribution among the cylinders. One way in which this 
might be accomplished is by adapting some of the char- 
acteristics of today’s aircraft-engine injection carburetion. 
This same adaption might readily have an altitude con 
trol worked into the design at very little additional cost. 
This would undoubtedly be a great benefit to those truckers 
who are operating over mountainous country. 
Injection carburetion naturally leads to the pos 
sibilities in injection. This may resolve itself 
into direct, manifold, or port injection, and ap 
pears to offer many possible advantages, including 


: : . 1000 
that of a supposedly lower engine octane require > 

ment with injection as constrasted with carbure S 

tion. We are all cognizant of the effect of heat 4H 

in reducing volumetric efficiency, yet most engines > 750 
have an exhaust-heated hot spot or a water-heated Me 
intake manifold. The distillation curve of the 

average automotive gasoline has a fairly high end g 500 
point, and without the addition of this heat, dis 6 
tribution would be very difficult, for the wet ends Q 

of the fuel must be vaporized to get good distri x 
bution. With either direct or port injection the 250 


manifold would have to handle only air and, 
therefore, can be cold, thereby increasing volumet 
ric efficiency and output over the entire speed 
range. Considerable work will, however, have to 
be done in the development of the necessary con 
trols but when these are worked out we will, 
undoubtedly, find other advantages which at the 
moment seem to be of little consequence. There 
has been quite a bit of discussion of the possibili 
ties of water injection for commercial engines. 
This has been a natural result of the use of water injection 
for momentary bursts of power in combat aircraft engines. 
Considerable work was done on this problem at Wright 
Field about 10 years ago and described by Ford L. Prescott 
at an ASME meeting in St. Louis in 1935. At that time a 
lefinite increase in thermal efficiency was noted. This 
result has been corroborated by further testing since then. 
In commercial engines we do not at the moment know 
whether other effects may be present, such as rapid rusting, 
increased wear, or deterioration of the lubricants. There is 
much to be done on this problem and the possibilities look 
inviting. Injection of any type still is too expensive and 


a Fig. 10—Ideal otto cycle — compression ratio: 6 to |; efficiency 
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will have to be materially simplified and reduced in ; 
compete with a simple carburetor. 

There are a number of design factors, each of wh. 
will lend its little bit to the final increased performang. 
the future engine. One possible advantage may le ji 
trated by Fig. 9, which shows the effect of timing o} " 
valve events on engine performance. One curve (x 
line) shows a timing to give a torque peak at com 
tively low engine speeds, approximately 1000-1200 
while the other curve (dot-dash line) is a typical torgy 
curve of a high-speed passenger-car type — timing givins 
torque peak of approximately 2200 to 2400 rpm. The 
two curves may be combined in one engine by an 
matic change in the camshaft timing controlled by spe 
so that the final curve of the engine would be a cy; 
shown by the dotted line, combining the high-torgy, 
characteristics of each curve. This will give a much bene 
performing engine on the road. 






mw Supercharging 


We now come to the problem of supercharging and 
results that we may expect from an engine avith an integr 
supercharger design. It is generally accepted that th 
roughness of an engine, with a compression ratio increas 
to take full advantage of the high octane fuel, wil 
sharper and more objectionable than that of an engin 
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net work: 1730.5 ft-lb 


which uses supercharging with a lower compres: 
to take full advantage of this same fuel. 

Since indicator cards taken on an actual engine 
with very high compression ratio and with a low 
sion ratio supercharged to approximately the sam 
are very difficult to obtain, we would like to pres: 
a few curves which are mathematical or ideal cur 
first of which, shown in Fig. 10, shows the ideal 
with a compression ratio of 6:1. This, you will n 
a peak pressure of 991.4 psi and a peak tempe! 
5497 F. This pressure and this temperature are, ©! 
theoretical and are never reached in an actual engine. 
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hat we are given a fuel of suf 














uality that we can run with a 10:1 
tio. /250 or iad 
; ;, 1, 05766 
y ws a peak pressure of 1830 psi and 
rature. This, on the theoretical card, = 
: it of 117.8% of the first 6:1 card. ~“/000% 
* s assume that we supercharge to S 
tain the 6:1 nominal compression — 
' 2 shows that we have a peak pressure Q 750 Le 
and peak temperature of 5724 | N 
. 7% of the 6:1 output. x 
ipe of these cards, each of which S s500t 
rably modified in an engine, you 3 
| that peak pressures alone may w 
bjectionable roughness and perhaps x 250+ 
In temperatures might also be in 
e difference in life expectancy of the os 
1 to the flame. Referring again to Tas 06 
. see that the octane requirement fo1 #' : /20 /40 
nally aspirated engine has a tendency 20. 40 60 &0 100 
th increase in speed. We may better VOL. CU. (NW: 
ke advantage of the typical fuel char 
the fuels coming from so many of our a Fig. 12 - Otto cycle, supercharged ~ efficiency: 51.08%; net work: 2123.09 
th in type and” ratio, that we may ft-lb; output: 122.7% of ideal 6:1 cycle 
yoost at the lower rpm’s and gradually 
ost at the speed increases. This would 
clutch through the transmission and rear axle would not 
have to be increased in strength materially and correspond 
ingly in weight. Many of the improvements in engine 
Y arr ad units will have to be incorporated in this engine, for 
white ial greater durability and ruggedness will be required, due to 
the increased heat which each part must be able to with 
stand. 
on Sodium-cooled valves will, in all probability, be required 
for the exhaust, perhaps even the intake. Oil cooling of the 
piston may help to keep it in the correct shape and prevent 
£80 burning. Necessary in today’s engines — adequate cooling 
of the valve seats and combustion-chamber parts will be 
even more necessary in this supercharged engine. We 
. must have intake ports designed to get a full charge int 
‘ the cylinder with the lowest restriction and the exhaust 
® ports designed to get the exhaust gases out into the mani 
; fold with as little heat rejection to the water from them a: 
’ ' is possible with normal casting technique. It is every bit 
2 \ as important that we get the aforementioned good intake 
x \ port design and good valve lift with the supercharged 
“$00 ‘ata engine as it is with the normally aspirated engine, for, 
= everv unnecessary fraction of horsepower that is used in 
pumping is just so much loss and, therefore, so much 
a i inefficiency. 
a ray We may confidently expect the engine manufacturers t 
ee redesign their engines to take advantage of many of the 
. 7 LL esr improvements we know are developed today as well as 
: ~ ” on sal = those still in the development stage. 
VOLUME -CU.IM 
Fuel in itself as well as its influence on engine d« 
¥ deal otto cycle -—compression ratio: 10 to |; effi- Wy . i “4 1 , 
60.26 net work: 2038.5 ft-lb; output: 117.8% of 6:1 will be the most outstanding contributor to higher efh 
ideal otto cycle ciency and horsepower output. 
Supercharging will be used in those operations ar 
territories which require large power units. 
iN engine octane requirement characteristic The manufacturers of the various component parts v 
more closely approximate a constant octane re keep up with and sometimes lead the demands of tl 
\t the same time this type of boost will tend to engine manufacturer. Economics alone will force th r 
horsepower without materially increasing the competition will be keen and “the devil takes the h 


tputs so that the entire drive train from the 
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1 continuous process of freezing ice cream to develop 
ing the electronic method of 
acute 
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vulcanizing tires — the latter 
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ESCRIBED here is a light-weight, highly mo- 

bile unit for effecting tire repairs on a wide 
range of tire sizes by means of high-frequency 
heat, and designed especially for use by the 
armed forces overseas. 


Tires repaired by this method have been 
tested by the Ordnance Research Center, Col. 
Vogt says, and found highly satisfactory, so much 
so that Army Ordnance has considered that they 
warranted the procurement of large electronic 
generator equipment for further exploration of 
this method of repairing tires. 


MORE informal but perhaps a more accurate title for 
this paper would be “Little-Known Facts about a Well- 
Known Product.” 

In April, 1943, my assignment was in the Office of the 
Chief of Ordnance serving as a general trouble-shooter, or 
in bureaucratic lingo a “coordinator.” There were several 
strong indications that our overseas theaters weren’t getting 
matched quantities of machinery, materials, and men 
needed to keep up the tires on transport vehicles. So I 
was given the job of coordinator of overseas tire repair in 
addition to my other duties. By September, 1943, we 
thought we had the situation fairly well in hand when out 
of the daily pile. dropped a letter from one of the theater 
supply officers overseas urgently requesting a mobile repair 
unit having greater flexibility as to sizes and, at the same 
time, greatly reduced weight of equipment so some of the 
repairs could be made nearer the fighting fronts. This 
letter was forwarded to the development and test people 
whose job it was to study such matters. In general, this 
overseas request fitted into the usual pattern met with in 
the game of war as well as in regular business, that is, 
something better for less money or something having a 
greater capacity with less weight. This applies to tire 
repairs as well as to the more usual problems, such as 
bigger guns or faster planes that weigh less and are more 
maneuverable. However, often in time of war one factor 
is not given the importance it must receive in the com- 
mercial world in ordinary times, and that is the element 
of relative cost which, in the case of war emergencies, is 
often a minor consideration. 

Each of our overseas tire repair companies carried sev- 
eral hundred thousand dollars worth of molds and equip 
ment and supplies and could effect a total of about ro 
repairs per hour with the dozens of molds on hand — if 
they had the right molds to fit the size tires being sent back 
ror repair, 


{This paper was presented 


Maintenance Meeting 





Employment mie 





for Effectig 


An open steam chamber repair unit had been 
Chis unit with its tanks and all weighed about 12 


It was flexible as to repairable tire sizes but not portal 
on a standard-size Army truck permitted near the fro: 


lines. 

About the same time, I was shown a report from 
Canadian Army Maintenance Director's 
brought to light several other little-known facts 


heat-conducting characteristics of tire repair and recap; 
molds. These came about as the result of groove cracking 
of recapped synthetic tires. In order to find out as near\ 
as possible the effects of variations in the “time-temper 
ture” cycle, the tire maintenance people had taken t 


perature readings at different parts of the molds. | 
read a few sentences from the official report: 

“The first step considered necessary was to check 
fully the temperature of each individual mold before « 
experimental tires for road test. 

“While the mold thermometers indicated temp: 
of the steam available, it was decided to determin 
temperatures of the surfaces of the molds when loaded 
during cure. 

“Temperature tests were made on four different si: 
molds. In each instance copper-constantan thermoc 


junctions were fitted to the tire tread — one under 


2 ry 


650/6-cured 128 r 


a Fig. | —Temperature-time curing curves obtained with 
constantan thermocouples built into tires — steam pressuré 
mold: 45 psi (293 F); cure in each mold: 8 min pe 
camelback gage: 16/32 in.; maximum curing tempe 

4: 28! F; hardness after cure: 55; maximum curing t 
mold B: 264 F; hardness after cure: 41-54 
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directly above it on the tread surface, and 
tread surface but diametrically opposite the 


4 thermocouples were connected by switches to 
i which allowed the rapid measurement of 
Bemperature at two opposite points on the tread surfaces 
: 9 and also a measurement of temperature be- 
rt the tread and carcass during cure. Temperatures 
Bere t t 3-min intervals from start to finish of curing. 
7 t formation, ‘temperature-time’ curing curves 
Ba; per attached graphs Nos. 1 and 2, Appendix 1, were 
ae for the four molds.” 

4 these graphs (Fig. 1) is shown here with names 
4 anufacturer deleted. As may be noted from the 
Seraph, there is a variation of from 12 to 50 deg on the 
Soutside tire surfaces between the top and bottom of tread. 
| greater differences prevail within the interior 
, | 


the newly applied tread material during the 
ig by present-day equipment. 
the development and test people were doing 
inything, to satisfy the overseas request for a 
Knowing of considerable activity in con 
th electronic preheating of thermoplastic and 
materials in the plastic industries, I made 
determine if it was being used or considered 
ur field, and “if not, why not?” 
I was able to determine, neither industry nor 
lent was using or seriously contemplating 
levelopment work in connection with curing 
ind making sectional repairs, spot repairs, or 
ise of electronics. After making some prelim 
s, I enlisted assistance — or reinforcements — to 
11 method and means could be discovered to 
1d sectional cures. 
1 former associate,-Eino Lakso, pitched in 
4 lem with me. Before long we were ready to 
leterminations of several of our joint and 
Ke tlering has told of a motto hanging in his 
like this, “The price of progress is troubl 
trouble because I’ve undertaken other devel 
re and know better than to look for smooth 
n top of it all, I realized that wearing a 
counted upon to do anything but 


t trouble. Some of us appear to be gluttons for 


intormation pointed to plenty of .trouble 
ncountered and likely to be encountered in 
requency for curing tires including: 


to 


compensate for variations in thickness 
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of tires between sidewalls, shoulders, and treads causing 
blisters in the areas of cures. 

2. Setting tires on fire and burning holes in them (the 
carbon particles make excellent media for arc propagation ) 

3. Lack of available thermal controls to limit degree 
of heat within curing range (usual electric or metallic 
temperature-indicating or control devices are not usable in 
the area under cure). 

Test apparatus or paraphernalia was made up and pet 
mission obtained to try out some of them at Forest Prod 
ucts Laboratory, Madison, Wis., which was equipped with 
several sizes of high-frequency generators. It happened 
that cures made with the able cooperation of personnel at 
the Laboratory using our special paraphernalia, showed 
that a type bag filled with pulverulent material (Fig. 2) 
would: 
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ELECTRODE ~ CONNECTED TO 
HIGH FREQUENCY GENERATOR, 











UNIFORM™ SPACE 
BETWEEN ELECTRODE < 
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CONTOUR OF TIRE 


PRESS FRAME 
( GROUND) 


TuURW 930° TO CURE 
PATCH ON TREAD 


m Fig. 2-Method of repairing tires with spot patch, press, and 
high-frequency heat 
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Adjust itself readily to variations in shape and thick 
ness of tires at shoulder, sidewalls, and treads. 

2. Make possible spot and sectional cures in a few min 

es and with a minimum’ of temperature diflerences 
shining hous these varying thickness of sections. 

3. Maintain satisfactorily sharp shoulder edges to corre 
spond with edges of the tires adjacent to area of cures. 

Since the tests at Madison, numerous experimental tire 
repairs have been made and some of these tires have been 
tested to destruction and found entirely satisfactory. A 
plastic fuse control of the curing temperature has been 
conceived and developed. Tests using thermocouples at 
various points show that even at 10 times the speed of 
temperature rise in the center of area cure, temperature 
variations are considerably less than that obtained on 
present-day conventional repair apparatus (Fig. 3). 

While our tests indicate that both recapping and new 
tire production may advantageously utilize methods we 
have evolved during these last months, we have studiously 
avoided branching out commercially into these phases, 
keeping in mind our primary purpose of making available 
as quickly as possible to the armed forces, a light-weight, 
highly mobile unit for effecting tire repairs on a wide 
range of tire sizes. 

That this has been accomplished in good part would 
appear from the following statements talon from an ofhcial 
report of Aberdeen Proving Ground tests: 

“Several damaged tires " gubeniitied by the Board were 

repaired in the presence of a Board representative. 
The repaired tires were returned to leah Proving 
Ground for road test by the Automotive Section, Ordnance 
Research Center. The tires have been subjected to road 
tests... . The Automotive Section has regarded the repairs 
as highly satisfactory. 

“With present standard equipment, the average time for 
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a Fig. 3—Comparison of curing curves for high-frequency and 

pressure method (temperature readings taken by thermocouples 

placed and read consecutively may cause slight variation due 
to reading time) 
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individual cure of a spot or section may rn 
With the experimental equipment curing is 
in 10 min.... 

“The economy of time is in addition to the ec 
weight and space which may be realized by sj 
high-frequency method. Space saving is part 
nificant when considering this apparatus for a m 
epair unit. In addition to a generating unit, it is 
that a fully developed, high-frequency unit 
auxiliary equipment, will occupy no more than q 
square feet of floor space and will not weigh over ; 
To enable repair of an identical range of t 
space for the standard steam or electrical 
measured by the truckload, and weighed in tons.” 

Anticipating the likelihood of radio interfe 
set up by our high-frequency mobile repair u 
located in forward combat areas with other electri 
munication systems, such as radar and two-way 


cations between planes, tanks, and other signa! 








































communications equipment, arrangements we 
the Signal Corps to send one of their mobile testing 
determine the extent of this interference so that t} 
sary provisions could be made to screen out harmful in 
ference effectively. While this, of course, is of firs 
importance in overseas military installations, it is 
factor which will sooner or later have to be taken car HM 
in commercial installations here at home where the 
evitable use of high-frequency generators on many 
mercial processes will cause regulations to be set uy 
Federal Communications Committee to place limits 
amount of radio interference which can be permitt 
commercial high-frequency units. In the case of these ty 


units, a simple screening with the usual interlocks | 
devised and can be applied readily without slowing 
or adversely affecting the speed, flexibility, or opera 
the unit. 

Another little-known fact which has been learned duti 
our development work is that livelier cures are mad 
the few minutes application of “internal” heat 
trasted to an hour or more of impressed or extern: 
Contact with the heated molds for an hour or mor 
a heat embrittlement of this outer tire surface resulting 
appreciably reduced mileage from this embrittled an 
hardened rubber. In simple terms, in order to produ 
proper heat in the center of the rubber tire mass, an 
sive heat has been necessary, time and temperature 
on the outside of this mass. This applies not only to 
and recapping but also to new-tire manufacture. P: 
the reason that this condition is not more widely kn 
that apparently no means has been available Be ret 
overcome excessive surface heat in order to produce prog 
internal temperature at the core of the rub ber. 

Dr. Herbert Davis, president of Stevens Institut: 
cently gave me a definition of an engineer as on 
guesses right, with insufficient information, 
of ten times. If he has sufficient information, 
“scientist.” 

We are only showing and describing several o! 
recorded “guesses” in connection with this 
subject and those which appear to have a pres 
tion for keeping our oversea forces rolling w al 
mum expenditure of time, labor, and new tire 

During this experimental period, we have 
other applications which appear to bring the 

concluded on page 176 
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Planning the Post-War Small Airplane 
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| : | ; | } 
signing of aircraft has been confined largely which have a bearing on the ultimate low cost of the 
ial phases, little attention having been paid airplane. 


economic aspects so influential in deter- Probably the factor most contributing to the high cost of 
a f d Chis is understandable in the light ol past designs has been the lack of time tor thorough con 


ty’ production, for the light aircraft of the sideration of all factors involved. The rush job has been 



















a essentially a hand-built product. The pro the usual case. The engineer in charge was torced to 
put ime has been too small either to justify large place the design of component parts in the hands of the 
>: ignhing costs or to give an adequate experi- most competent designers he had and then hope that what 
q round for constructive cost planning. The they dreamed up would be feasible from a production 
: however, has given the industry consider standpoint. The success of the design was dependent upon 
2 with high-production techniques and has the discerning judgment of these men. 
: lable statistical data. The bright prospect of The job of economic planning demands specialists. ‘Th 
post-war generation makes it evident that designer, no matter how well versed he may be, cannot be 
¢ roduction of commercial light aircraft is on the expected to appraise a proposed design accurately by merely 
os looking at it. 
“ panning as used in this paper covers This paper will not attempt to discuss the various pos 
4 t only production design, but all other related activities sible general light-plane designs which might be successtul 
7 r was presented at the SAE National Aeronautic Meeting, in the post-war market. It will deal primarily with a new 





1944,] approach to the cost planning of a typical post-war com 








War experience and the prospect of large- in the past, and follow up to see that low-cost 


volume post-war sales make it both possible ideas built into the ship are used through the 
5 and desirable to "cost plan" future small airplane tooling and manufacturing phases of production. | 
production. | 














A plan is proposed whereby a specialized AE AO. Te Sh, ee | 
group consisting of design engineering, industrial si ag einige hee wt . a Sgr erg as 2 | 
engineering, tooling, and factory personnel will ne eee eer ts acetate ete oes oe MA | 

assume the responsibility of selecting by orderly Mr. Tsongas served in the same capacity for Moth Ait | 
i and detailed methods the most economical Corp. unul 1931, when u 4 ne eee ° 

Oo ’ chier ¢ technical department remained wit 

among several proposed designs. a psrtieges TC aut ta SEE Uddin Chinen tik Cn 
| idated Vultee r ngas 1S a gr lat f Ml 
| The group will also act as a consulting body FS. aananine Rag ddl endian ites 10 
| available to the design engineers. Consolidated Vultee Aircraft Corp., has, since 1 
Tq upervisor of timestudy and methods, budget | 
| They will gather the dato necessary to mea- a a rn oe ~aiggy efron ier octane 
| sure costs of any given design, make a detailed eto cetee weit eet ly oat a 9 ie Hh 
t analysis of each competing design, compare sod: lie ican Mitel tiles 2 ; 
timated cost per pound with similar parts made trial engineer 
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mercial ship after the exterior contours and general ar- 
rangement of the body, wings, tail surfaces, and landing 
gear have been determined and proved successful through 
wind tunnel tests and test flights of prototypes. In other 
words, we will assume that we have a good prototype 
which presents favorable possibilities in performance char- 


Table 1 = Cost Check List for New Designs 


Basic Breakdown of Airplane: 


1, Are major subassemblies small enough to be easily accessible for assembly 
workers at floor level? 
. Do major subassembiles lend themselves to existing types of conveyor equip- 
men 
3. Can each major subassembly be built up complete with all installations and 
attachments? 
4. Does breakdown of ship lend itself to layout of factory floor, shape of building, 
existing conveyors, and so on? 
Does breakdown lend itself to easy crating for export and rail shipment? 
6. How much assembly work must the dealer do on receipt of the crated plane? 
7. Is canopy and cowling designed to go on last so that all wiring, controls, gas 
lines, and so on ate accessible for the greater part of the assembly line? 
Do subassemblies lend themselves to the tooling principle of only one jig to 
each assembly with progressive build-up through mating lige? 
. Can final mating of subassemblies be delayed until last part of line? 
10. Are bolts holding major assemblies together easily accessible? 


Basic Design of Major Subassemblies: 


11. Can any of the parts be combined and made in one plece? 

12, Car right- and left-hand parts be made identical? 

13. Are cutouts and clearances adequate to insert and remove bolts easily? 

14. How will conveyor carriers be attached to assembly? Can special holes be 
desigred in fittings? 

1 Can curves and bends in the structure be reduced to simplify manufecturing? 

16. Can simple mechanical devices be substituted for costly precision parts, such 
as oleos, and vacuum cylinders? 

17. Is there any way of reducing the number of separate parts In the assembly? 

18. Are clearances between parts or subassemblies kept as large as possible? 


Cost of Joining Sheets - Riveting, Stitchirg, Weldirg, erd 0 on: 


19. Could stitching possibly be used in place of any other method? 

20. Is riveting open and accessible for Erco automatic purch ard riveting machine? 

21. Car squeezers be used or must rivets be bucked with a two-man crew? 

22. Car blind rivets be avoided by hand holes, cutouts, and eo on? 

23. If spot-welding is specified, do number cf inches of weld justify cleaning cost? 

24, Can other designs be substituted for arc- or gas-welded steel parts? 

25. If welding is essential, such as on fuel tanks, can design be adapted to Lincolr 
carbon arc machine? 

26. Could lap joints be substituted for butt joints to avold close tolerances on 
trimming? 

27. Car brazier head rivets be substituted for flush rivets? 

28. Can parts be furnace brazed together as a substitute for welding? 

29. Is the design adaptable to cycle weld or Metibond? 


Cost of Assembly of Parts - Screws, Bolts, and so on: 

30. Where fairirgs are assembled to ship, can slotted holes be used to decrease 
fitting time? 

31. On forgings weided into a welded structure, has plenty of material been left 
for machining after welding? 

.32. Are fabric covered surfaces designed so that envelope can be sewed up and 
slipped on to get away from hand sewing trailing edge? 

33. Can lacing of fabric be replaced by self-tapping screws and etainer strips? 


Oprirturr Jo0L/nG. 
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a Fig. | — From these Curves 
it can be seen that the optimum 
tooling for least total unit cos ; 
400,000. For any particular com 
it is only necessary to have th 
unit labor versus total tooling cos 
curve in order to establish th. 
optimum tooling for any produ. 
tion volume. 
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This can be seen from t 
; T 
V = + L 
i] 
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— where 
f Total unit cost 

T = Total tooling cost 

( = Units produced 

L = Unit labor cost 
rhe optimum occurs where the s! 
of the V versus T curve is zet 


dV 1 db 


ll 


r = + 
aia dT QO a 

For any volume Q, it is necess 
only to find the total tooling 
which the slope of the I sus 
curve equals 1/0. This will be 
optimum tooling. 





























acteristics, comfort, safety, and has a favorable potenti 
market. Our job is to convert this into a production desy 
which will be as low in cost as we can possibly make: 
We approach the problem with the full realization that t 
kind of job we do on cost will either make or break t 
sale of the model in competition and will possibly mes 


34. On removable parts, can attaching fittings be designed so that bolt om) 
“floating” to take care of minor variations in parts? 

35. Are electrical wiring harnesses in each major assembly jeined to other am 
blies by multiple piugs? 

36. Can the swaging process be used in attaching fittings? 

37. Can flash welding be used in attaching fittings? 

38. Car elastic stop nuts, Tinnerman nuts, and the like, be used In place of wh» 
tying with cotter keys and wires? 

39. Can fitting, trimming, filing, and the like, required In the assembly opente 
be avoided by allowing for variations by lag joints and adjustments? 

. Are limits controlled so that interchangeability of major assembiles car ¥ 

maintained? 

41. In specifying A-N fittings, has every effort been made to reduce the numbw? 
different parts by standardizing and limiting the list for the model? 


Fabrication Costs: 


42. On compound curved parts, is it practical to redesign so that the part a» 
“wrepped”’ from flat sheet to avoid forming , 
43. If wrapping is impossible, can parts be designed so that Erco stretcher cai 
used instead of the drop hammer? , 
Are all small clips and gadgets on airplane standardized to a few basic si 
45. Are formed parts designed so that their manufacturing is practical on exis) 
equipment without hand work? 
Can parts be designed with flanges in one direction so that it can be forme’ 
one eperation? 
47. Are tolerances liberal enough for limits of available equipment? 
48. Do tolerances specified on machined parts need to be as close as what |s show 
Consider use of part in relation to other parts of seme assembly. 
Where pins are undercut or castings bored out to save weight, are tolera 
extremely liberal? 
. Can design of part be adjusted to utilize standard widths of aluminum)? 
wood, and so on? ; 
61. Can parts be designed so that standard dies can be used Instead of epeclal in 
82. Can standard cutting tools be used so that special reamers, milling “i” 
need not be purchased? 
63. In dimersioning turned parts to fit in reamed holes, has stancard reemor 
been considered for the hole? > , 
. Is cadmium plating, painting, and the like, really neceseary? Consider & 
mate use of part. 7 
65. Can square tubing be substituted for rourd where contcuring |s necest*? c 
66. Can pilot holes in skins and extrusions be lofted to reduce jlg cost and assem’ 
time? 


Substitutions to Reduce Cost: 


57. Can stock items, such as standard channels, extrusions, rolled sections, 
tubes be used in place of special designs? ; . 
68. Can extrusions be substituted for forgings or castings In bolted fitting on 
69. Can purchased parts made in quantity for other industries be substitute 
manufactured parts at a saving? a 
60. Cana cheaper material be used instead of the ore specified? ri 
61. Can 1020 steel be substituted for 4130 without undue reduction | strengt 
62. Can 61S-T be used Instead of 24S-T on parts requiring deep draw or sit 
63. Can castings be made of “secondary metal” where they are nonstructurt 
64. Can standard bolts be substituted for special bolts and threaded arts? 
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between red and black figures on the P and L 


We Have Not Been Cost-Minded 


Thet een a good deal of misunderstanding and 
the aircraft industry about cost. Oftentimes 

hd id ive been dismissed with a wave of the hand 
without so much as a tough comparative 


- Most cost decisions in design have been made 
b che of opinion rather than facts. Few of the 
craft inies have kept accurate parts cost or done 
ch 1 ‘per pound” unit costs. During the war there 


h ttle time for the usually harassed design engi- 
her the necessary factual data and make the 


ers 
scessary comparisons. The industrial engineers have had 
Dihcir hands full with rapidly expanding plants, layout 
Boblems, bottleneck breaking, and assistance to the shop 
all-out production. The accountants have been snowed 
der W subcontracting problems and Government 
s in short, no one has had the manpower or time 
& ) do much on cost. The schedule has come first. 
ey Other thorough checks such as stress and weight analyses 
\ ave been mandatory, but cost has not been considered 
Bgnu! the job is in production and project costs by releases 
Mae lots are published by the accounting department. This 
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is usually about four months late. These 
costs are of some value, but, from a design stand- 
int, they are merely an indicator of “what you came out 

iter all the design decisions have been made. Also, 
ctual parts labor costs, if picked up by timekeeping, have 
sually reflected distribution inaccuracies and factors such 


aTormation 


eral 


green labor and production delays which distort them 
yond much use for comparing different designs. As a 


s 


has followed a long series of changes as one 
nother the bad decisions crop up in the form of 


, 
there 
d 


er 


Behange requests from tool engineers, methods engineers, 


1 foremen. This corrective medicine is certainly doing 
the hard way compared to a sound program of preven- 
ve medicine, 


What is Cost? 


[o take some of the mystery out of the term “cost,” let 


eak it down and find out its significance in connection 
1 typical light plane. The following direct and in- 
pirect Iactors go to make up the selling price of a typical 


he 


ght plane: 


th 


Typical Per Cent 
Direct Cost Light Plane of Total 
Raw material $200.00 10.0 
Purchased parts 590.00 29.4 
Direct labor 230.00 11.5 
Tooling 70.00 3.5 
Engin ring 25.00 1.2 
| Total $1115.00 55-6 
i t Cost 
y overhead $230.00 11.5 
\dministrative overhead 58.00 2.9 
_ Basic manufacturing cost 1403.00 70.0 
% profit 140.00 7.0 
oe ae Total ~ 1543.00 77.0 
s commission of 30% 463.00 23.0 
: Selling price $2006.00 100.0 
‘rocuction design decisions have a tremendous influence 
vn a 


t costs except perhaps engineering itself. Since 
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the largest portion of indirect costs are directly propor 
tional to direct costs, each saving in labor, material, or tools 


creates a further saving in overhead cost per ship and 
reduces the dollar value of profit and commission which 
must be made on each sale. Roughly, a dollar saved in 
direct cost means $2.00 off the selling price. If we are to 
achieve the healthy spiral of lowered prices, larger sales, 
better tooling with subsequent lowered prices, and so on, 
the place to start is on the basic cost of material, labor, and 
tooling. Let us discuss each of these in turn. 


= Material and Purchased Parts Cost 


It has been said that the design engineer has little con 
trol over raw material cost. Yet he is the one who picks 
out the material. He can specify a forging costing $1.0 
per lb or a steel strap costing $0.08 per lb. He can choose 
a rarely used alloy for a part and find it costs $0.60 a Ib or 
he can specify a large-volume user costing $0.28 a |b. 

The fact is that very few engineers have had accurat 
cost figures at hand in making their decisions and have 
often picked the more expensive of two alternatives unwit 
tingly. It is the same with purchased parts. This item has 
become the most important of all; yet many engineers 
continue to specify their favorite supplier’s patented fitting 
without exploring the field for equally good substitutes at 
half the price. This is true of instruments, electrical equip 
ment, hardware, and all other purchased items. Probably 
the largest single item is the engine. If it were possible to 
use an engine which is in large-volume production for 
other uses, a large cost saving could be achieved. , Getting 
a satisfactory engine at a really good price is worth more 
effort than has ever been expended on this problem in the 
past. 


m Labor and Tooling Cost 


Fundamentally, there is little difference in the end result 
between investment in labor or tooling. You can invest 
little in tooling and have high direct labor cost or you can 
gamble on sales volume and invest a good deal in tooling 
Ideally, there should be a point of diminishing returns on 
tooling investment for each forecast of model sales. Fig. 1 
indicates the approximate relationship for any given model 
Best overall cost is obtained by investing in tooling up to 
the low point on the curve. It might be noted that a 
typical curve of this kind rises so slowly beyond the low 
point that there is a good argument for investing in tooling 
somewhat in excess of the optimum in the event that 
potential sales are in excess of forecast. 

In general the designer can exercise a large measure of 
control over the basic tools and dies necessary to produce a 
job. A reduction in the number of attaching points, the 
substitution of a developable sheet for a compound curved 
the 
machining will save thousands of dollars in tooling with 


sheet, or elimination of welding or close-tolerance 
out increasing direct labor cost. 

Design can also control direct labor to a very large 
extent. both in fabrication and assembly. A majority of 
the check list questions shown in Table 1 deal with design 
fundamentals which reduce Jabor cost. A glance at this 
table will indicate the variety of ways labor can be reduced 
by good design. In essence the goal to strive for in this 
regard is a reduction in the number of parts and the elim 
ination of hand operations by designing parts suitable for 


fabrication on presses or other production equipment and 
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like. The men must throw away their mallets and welding 
rods and start tending machines. 


m There are 1000 Ways To Do It 


Given the outward contour and dimensions of an aileron, 
for example, and certain weight and stress limitations, 
there are theoretically an infinite number of ways to design 
that aileron. The designer can pick his material, can deter 
mine the number of different parts, and can design the job 
sO it is easy to tool and has potentially few labor hours. 
He is, above all, not limited to conventional designs used 
in the past. As is true of any creative endeavor, however, 
his chances of arriving at the cheapest design the first try 
ire practically nil. Even if he hits what seems like a good 
design the second or third try and uses that design as final, 
the chances are that he is still several dollars per ship above 
a potentially better design. If he has cost constantly in 
mind, and he should have, he will be torn between several 
different ideas of his own plus a good many more pre 
sented to him by others. It stands to reason that al] these 
ideas should be given a comparative check. In laying out 
each version of the aileron, the designer should be guided 
by the basic principles of low-cost manufacture and should 
have easy access to accurate cost information on compara- 
tive methods of blanking, forming, and joining parts and 
also historical records of costs reached on previous parts of 
the same type. 
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To achieve efficient cost planning, the following five 
basic program could be adopted: 


1. Educate the designer in every cost factor affe 
design (material costs, labor costs, tooling costs). 
2. Give him 
(a) A’ manual of summarized material an 
chased parts costs for ready reference. 
(b) A check list to use in avoiding bad | 


which increase labor or tooling. 
3. Give his initial drawings constructive criti¢ 
group of key manufacturing men. 


2 


4. Provide a consulting group in the engineering dt 
ment which is capable of accurately estimating 
costs on each design. The designer may then c! 
idea against another, and by analyzing the good feat 
each, arrive at a combination design that will be 


possible to the ideal. Remove the personal opin 
and substitute facts. 

5. Set up a goal in cost per pound for him to try t 
allocating a definite ceiling price to each major 
in the ship based on initial forecasts of what can 


mw Who Decides Which Is Cheaper? 


In the past, it has been customary for the dé 
to which is cheaper of two alternative designs to 











by one of the supervisory engineers, with poss $0! 


No. 2 SS 


SAE Journal (Transactions), Vol. 5 












th the manufacturing personnel and tooling 
resupposed that the men making these de- 
capable of appraising all the direct cost fac- 
.¢ over the drawing, and through seasoned 

{ arrive at accurate cost conclusions. Obvi- 

accurate answer can be obtained by a sys- 

based on accumulated factual data. 

we will attempt to outline in the following 
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Ss Facts Necessary for Cost Analysis 





relative costs of alternate designs can be 





any degree of accuracy, it is absolutely es- 





he following basic information be compiled: 





Standard Time-Study Data for Every Type of 
eration — These data can be obtained only by a 
id complete series of time studies on every type 
n and assembly operation. Each study is leveled 
nd elemental values are plotted against a physi- 
of the part showing the most correlation 
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plotted points from a large number of 
mine curves which can be reduced to tabular 
1 to estimate accurately the time values for 
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established data. 
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A 


all operations on any new part falling in the range of the 
A manual covering each cost center in 
the plant will result from such a program, and resultant 
estimates will not be distorted by unrelated factors, such as 
green labor, parts not fitting, and shortages. Further in 
formation on developing basic data is given by Carroll. 

B. Basic Tool Cost Estimating Data 
can be built up in the sat 


of tools, dies 


This information 


y 
i 


1e way by reviewing actual costs 


| 


lg ic 


igs, and made in the past and working out 


charts for each type of tool and dit. Although the ac- 
curacy of this type of data is lower than that on direct 
labor due to unforeseen contingencies in building each tool, 
reasonably close estimates can be made by a trained tool 
estimator. 

C. Material and Purchased Parts Cost-The average 
prices of raw material and purchased parts can be kept up 
to date on a monthly basis from invoice figures received. 
For convenient use they i 


are summarized into chart form 


in a looseleaf material cost manual. Costs on ite not 
being used during the war can be obtained through con 


tact with the vendors. 


ms 


Costs on castings and forgings can 
be estimated using charts developed from historical data 
A sample chart of this kind is shown as Fig. 2. 


@ Practical Application of Program 


As the contour and dimensions of each major component 
of the airplane are determined, a design study is made of 





- = each. A design study involves a brief check 
_ 1.05 of six or eight ways of designing the as 
r-14 sembly and finally the boiling down of the 


various p 


¥ ca 
ossible ways to the two most likely 
lates This np ee s aided 
aesigns. nis process Of elimination 18 aided 


by rough cost analysis work using the form 


} 
i 


shown in Fig 


2 as a work sheet. Tool en 


gineers, industrial engineers, and foremen 



































































are given a chance to act as consultants in 
this original screening of possible designs 
and often lend ideas of their own to those 
of the design engineers (tt ( one 
design stands out so well as compared to 
the others that there is no need for iking 
a really thorough cost analysis on more than 
this obviously best design More often, 
howeve r, two and sometimes t] re ck signs 
seem equally acceptabl ro! ] 


= Committee Checks 
Initial Judgment 
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s Fig. 4 — In comparing alternate 
designs it may be found that, due 
to differences in tooling, materia! 
and labor costs, one will have 
the advantage over the other 
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duction men of the plant and is charged with the respon- 
sibility of catching potentially bad or costly designs. After 
a careful review of the competitive designs, the committee 
does one of the following: 

1. Accepts the design study as the basis for running a 
detailed comparative cost analysis. 

2. Sends the study back to engineering to correct certain 
phases of one or both versions of the design or to draw up 
another alternative design to be presented at a future meet- 
ing. In other words, neither of the so-called best designs 
may be particularly good and the committee often can 


recognize this before all the effort is spent on a complete 
cost analysis. 


= Cost Analysis Group 


Stationed in the engineering department is a cost analysis 
group, which acts in a consulting capacity on comparative 
costs. It is composed of tool engineers, industrial engi- 
neers, and material specialists who circulate constantly 
from board to board working with each design from its 
earliest conception. They are also responsible for a com- 
plete cost analysis of all studies passed by the audit com- 
mittee, which should include: 


1. Preliminary operation sheets on each part and as- 
sembly. 


(a) Specification of dies, jigs, and fixtures, with cost 
estimates for each. 

(b) Calculation of raw material usage for each part and 
conversion to raw material cost using material cost manual. 

(c) Estimation of labor hours and cost using basic time 
data and current average wage rates. 

2. A recapitulation of the total estimated standard cost 
of each design on the form shown in Fig. 3. 

3. A summary report 

(a) Recommending the least expensive design, together 
with complete recommendations on further improvements 
to this design to facilitate tooling or methods. 








From this it can be seer 
seat production in excess of 
anticipated, it will pay t« 
large tool investment of a dur 
is may be seen from 
shown at the left 


(b) A calculation of standard cost per pound with 
cussion as to whether this is high or low relative toa a 
semblies of different design but similar function that hs 
been used on previous models. 


(c) A comparison of standard cost actually achieved 
relation to a ceiling cost originally set up for the asser 
involved. This ceiling cost or goal for each major se 
sembly is set up as soon as weight figures are availabl 


w Final Production Prints 


The above information is used by the design engi 
in developing their final production drawings of eac! 
sembly and detail part. Recommended changes resu 
from time estimates on each operation are incorporat 
the final design. Material substitutions to reduce 
made wherever possible. In short, all the inforn 
learned by complete cost analysis is incorporated 
final production design. When the tooling depart: 
receives the prints they also receive copies of th 
liminary operation sheets and recommendations. In too. ' 
up the job they should try to follow the original 
liminary manufacturing pattern. It might be men! 
that it is highly important that the preliminary operat 
planners in the cost analysis group be intimately acqu 
with the procedures used by the regular crew of p! 
and keep in close touch with them so there will 
mum of conflicting ideas. In practice these men 
transferred from the tooling department. 




















m Cost Records 


From the original estimate of ceiling costs on each 4 
sembly through the design study and cost analysis staf 
down to the final determination of standard cost, ¢ 
formation is kept on file by groups and subgr« 
information can be used for setting up spares prices 
advance, determining selling cost, figuring machine 104 
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id jig requirements. There are also many 
nnection with a standard cost system. It 
type of sound cost foundation will con- 
bly to the assurance of profitable opera- 
volume of sales. Thus, the money spent in 
also results in information which is valu- 
urt of the organization. 


Examples of Cost Analysis 


hown in the example below are typical of 
formation which is gained by cost analysis 
No. 1 involves two designs of wing flaps for a 
ered plane. Design A includes a steel tube 
lded horns and brackets to which ribs of 
are riveted. Flap frame is fabric covered, 
ing laced to the ribs. 

; built up of an aluminum spar riveted to a 
ng edge with aluminum ribs riveted in place 
var. Trailing edge and fabric cover are the 
th jobs. . 

Flap Comparison —- Summary - 
Model Sales of 5000 Ships 
ndard Standard Standard Total 
bor Cost Material Cost Tool Cost Direct Cost 
$4.60 $16.28 


Assuming 


$7.94 $3.74 


$3.70 $4.15 
Savings Per Flap 
Savings Per Set 
$23,300 


$13.95 
$2.33 
$4.66 
Ships 
2 involves two designs of lift struts. Design 
ined steel tubing lift strut with attachment 
into each end. Design B is built up of 
eamlined tubing with dural fittings riveted 
t each end. 


led 
¢ 


tr 


iple 2 - Lift Strut Comparison - Summary 
Standard Standard Standard Total 

rCost Material Cost Tool Cost Direct Cost 
$18.28 $6‘so $36.72 


$25.08 


Savings Per Ship 
5000 Ships $8,200 


$1.64 


® Cost Curves and Cross-Over Points 


’ 


y, one design will involve heavy tool cost and 
- expensive for low production but will under 
of the other design as volume increases. 

type of comparison it is well to calculate the 
nt where the two designs are of equal cost 
is compares with the model sales forecast for 
ear period. 


shown this type of comparison for a seat de 

e case, of welded steel tubing, which has 
ost and low tool cost, and, in the second case, 
vn aluminum shells involving high die cost but 

labor. As can be seen in the graph the alu 

atches up to the welded seat at 4325 units. 
profitable, therefore, to gamble on this design 
of future use in other models even though the 
forecast is only 4000 planes. 
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m Use of Learning Curves 


Although the previous discussion indicates the use of 
standard time only as the basis for labor cost comparisons, 
it is often necessary to forecast actual labor cost at any 
given point in the manufacture of a given model. This 
has been done traditionally in the aircraft industry by the 
use of various learning curves, the most widely used being 
the 80% logarithmic curve. This is a very convenient and 
helpful tool, particularly in the early stages of production 
on a given model. By estimating the per cent realization 
expected against the total standard time for a given ship 
at a predetermined quantity, it is possible to predict to an 
accurate degree the labor hours on any other unit from 
the first to the 10,000 or more by merely drawing a straight 
line on log-log paper with a definite slope through the one 
point. An example of this type of curve with a mathemati- 
cal explanation is shown as Fig. 5. 

Any standard cost comparisons which are made for pro 
duction quantities below 1000 may give a distorted answer 
if the labor in one version of the design is higher than the 
other. The reason for this is that the efficiency realized 
against the standard on a day-work basis is usually so low 
during the early stages of production that the labor cost 
becomes a larger factor in the total cost than it would 
average over several thousand units and thus the use of 
standard cost might be misleading for very low volume 
models. In such cases it would be advisable to convert 
standard labor cost to actual by using the learning curve. 
An example of this method follows for a design study on 
a part with a sales expectancy of 300 units: 

Standard Standard Standard Best 

Labor Material Tools Total 

Design A $4.00 $5.00 $5.00 $14.00 
Design B $8.00 $2.00 $2.00 $13.00 B 
Actual Standard Standard sest 

Labor Material Tools Total 

Design A $10.00 $5.00 $5.00 
Design B $20.00 $2.00 $2.00 


The per cent realization or “efficiency” 


Design 


Design 
$20 oo 4 
$25.00 

used in convert 
ing standard cost to actual cost can be determined by com 


paring the total standard cost for the model with the 
cumulative unit cost expected at the total number of units 
for which the comparison is made. 


the 40% 


In the above example, 
realization factor was obtained by dividing the 
standard cost (200 hr) by the predicted cumulative actual 
cost (500 hr) picked off curve Hq in Fig. 5. If model 
sales are up in the neighborhood of units, the original 
standard cost comes pretty close to the cumulative average 
cost for that number, although methods improvements, 
better tooling, and other corrective measures in the shop 


have undoubtedly brought the current standard cost at 
the five thousandth unit considerably below the 
originally estimated. 

Learning curves have their greatest usefulness in cor 
verting schedules into manpower requirements by months 
and in determining subcontract firm prices. These uses 
have nothing to do with des gn but often have a larg: 


effect on ultimate cost 


= Conclusions 


It might be noted in conclusion that the cost-planning 


procedure described in this paper has been developed 


1 to 
ensure a simple, easy-to-build airplane. This is only the 


first step, however, toward ultimate achievement of t 


é 
ul 
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100 500 1000 5000 =: 10,006 


= Fig. 5 — 80% learning curve (based on standard time of 200 man-hr, assuming 70% efficiency at unit No. 500} 


rhe hours per unit required to complete a given job will decrease as 
experience 1s gained in performing the required operations. Statistical 


data show that each time th: quantity produced 





is doubled, hours per 
init is reduced to some constant percentage of its original value. This 
in be stated mathematically 
H =CQ-™ 
¢ 
where 
H Hours per unit 
Q Quantity produced 
Fame 
100m Percentage reduction in H when Q is doubled 
C = Arbitrary constant 
If H is reduced 80% when OQ is doubled, we have: 
2 O.S 
m = 0.321 
The expression lends itself to logarithmic plottir As 
taking the log of both sides 
Log H Log co = 
Log H Log C - ») Log Q) 
This the equation of a straight line of intercept log C and slopes 
i In practice, a line of slope—m is drawn through an arbitrary 
point establ t considerations of shop efficiency and anticipated 
hours per unit after a certain number of units. 
For example, an 80% learning curve is shown above. At the five 
ndredth unit it unticipated the actual hours per unit will have 
reduced so that a realization of 70% will be attained, compared to the 
standard time of 200 hr. Then 200/0.70 = 286 actual hours, a point or 
the tu init irve 
A straight line of slope 0.321 is drawn throuch this point. 


low-cost goal. The money saved by good basic design can 
be easily thrown away by a number of common blunders 
in the steps that follow. A few of these are listed: 

1. Subcontracting on a “price advise” or cost-plus basis 
without any assurance of keeping within the bounds of 
ceiling costs set up for the part or assembly involved. 

2. Faulty labor control and hiring without using learn 
ing curves and the schedule to determine number of em- 
ployees needed. This is probably the most frequent cause 
of poor labor utilization and low efficiency. 

3. Farming out tool work without a maximum limitation 
on each tool’s cost. 

4. Uncontrolled overhead with no type of variable budget 
control or other means of keeping overhead costs in line 
with factory activity. 

5- Lack of up-to-date standard-cost records on each part 
so that progress in cost reduction can be charted, measured, 
and controlled. 

6. Lack of sufficient methods work and time-study fol- 
lowup in the shop to see that methods on which standard 
time data were set are not put aside by workers who would 
rather do it “the hard way.” 

7. Excess handling costs resulting from poor factory lay- 
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cumulative curve is simply the average hours per 


unit 
production point. Mathematically, letting Ha average 
[a 
H H dQ 
a 
Q 
CQ-” dQ 
ie 
a] 
0 
Qinm 
1—m ( 
Ha qm 
: @) l m 
‘ ogarithmically: 
Cc 
Log H Log —m Log Q 
] ” 
rh s seen to be 1 traight line illel to t 
0 
intercept log . 
l — ?}) 

The theoretical intercept log C of the unit line f 
for establishing the cumulativ ne, for the ratio t 
log paper is: 

Yai 
1 ? 0.679 
("/] 

I + S 4 + 1 it + ¢ 

1 ob. the t I 1 


out and lack of prepositioning devices and handlit 
ment. 

8. Poorly designed jigs and fixtures which ha\ 
loading and unloading time. 

9. Lack of sufficient incentive to keep foremet 
intendents cost minded. 


These blunders can be avoided by putting | 
the well-known principles of industrial manag 
cost control. No attempt will be made here to 
planning through these final steps. It is felt, how 
the aircraft industry which has been troubled | 
growing pains and problems of too rapid expans 
at last have a chance to settle down after the wa 
really efficient job of planning from the first 
cept until delivery to the customer. 

The demand for post-war small airplanes w 
ject of a considerable number of studies, and ¢ 
were made varying all the way from a mass ma 
very small market. How well the aircraft 
plan their post-war airplanes so as to take full a0} 
of the technological developments will greatly af 
creation of this demand. Competition will assur . 
tion of the technical progress along sound lines pre¢ 
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factors. It is hoped that the proposed 








ate sufficient interest to evoke further study 
fundamentals of the post-war small air- 









Summary 
The { ¢ summary will briefly review the proposed 
inning the post-war small plane: 
data necessary to measure costs of any 
Material cost manual. 





ne data manual. 





ol estimating manual. 







>. Establish a cost analysis group in the engineering de- 

, iliar with the above aids and experienced in 
oling, me s, and manufacturing. 

7 Fstabl 1 goal or “ceiling cost” on each component 





bn the of weight and past experience with similar 






en studies of each component in the plane, 
reviewing number of designs until the best two are 







best designs to a group of key manufacturing 


* t tructive criticism. 







tailed cost analysis of each compeing design, 








ide! which is cheaper and recommending improve 
‘timated cost per pound with similar parts 
past to’ see whether unit cost seems in line 

pest experience. 





x 4 yu . t 


to see that low-cost ideas built into the 
Bhip ar | through the tooling and manufacturing 
roduction so that cost planning has adequate 


7 st a hie 







ement. 











flight-Induced and 
Forced Cooling 


continued from p. 147 






sity to exit density ratio: 






r [ stream to tan density ratio. 






that the equations take 


The 


are presented as equa 





peor 14, given below. general effect of each 















Ne holding the others constant, has already 
bee in Figs. 2 through 6. All of these plots are 
ba n unstalled cowl flaps. 
It phasized that none of the values appearing 
pon t s should be construed as quantitative, since 
pany urves can have different values, depending 
yu titative value of the constants from which 
u re derived. The curves merely show the 
og vhich the variables affect the ratio of cooling 
P \ tan to cooling power without a fan. 
other point in regard to forced cooling that 
FI emphasis. Normally, once a fan has been 
esione total brake cooling horsepower is rather 
Msensit r a large range to fan pressure rise. To 
ct ty point, Figs. 12 and 13 have been included. 
5 in considered quite typical. The effect om 
‘ om the engine appears in the density of the 
d 





total cooling power (momentum plus fan 
te Hat near the 





minimum, and it is evident 












altitude can 


that fan pressure rise and power at any given 
be varied widely without greatly affecting the total power. 
With reference to Fig. 12, at 30,000 ft, for example, mini- 
mum total power amounts to 224 hp with 180 fan hp. If 
we increase the fan power 50% to 270, the total power has 
only increased 6.5% to 238 hp. Conversely, if there is a 
coupling power limitation on the fan we can reduce fan 
power from 180 to 110 (a 40% reduction) and still only 
increase the total power 6.5%. It would be well to bear 
this flexibility in mind when designing fans and fan drives. 
The point at which fan power and total power (fer the 
same altitude) intersect obviously represents 
tum drag. The difference between fan and total power 


zero momen 
to 
the right of the intersection represents a thrust. The thrust 
is actually small and amounts to a maximum fan propul 
sive efficiency of only 3 
of water at 20,000 ft. 


1% at a fan pressure rise of 22 in. 


tor 
\ ery 


only slightly affect the total 


As already mentioned, one would expect less need 


in Fig. 13. 


the fan at high speed, and this is shown 
large variations in fan power 
cooling power. 

In order to obtain the basic cooling horsepower equations 


in terms of O/SV, Ko, 


4 


density ratios, and so forth, use is 
made of the equations already derived in the text 


Brake Cooling Horsepower (No Fan) 


W (Ve— Ve) Ve 
BHP, = — 
po0dg Np 
9 a 
2nJ 
Ve (sis =kPaT) 
we \ — zs 
550g n 
Multiplying and dividing by q under the radical 
W |V.—V V2 pe/pe 07 (1 —L qe/q—OP 
BHP, = —— — : a lh 
5509 n 


Then, letting APz/q ) , and simplifying 


Q 
L SV Kq 
2¢ W 

en 


550 pednp 


LY re/pe 03 1—Loa/¢ ara ) | . 


Brake Cooling Horsepower (With Fan) 


W AP; Vo — Ve) Ve MH 
BHP, , 
DOIUd prny Nr SSO 
[ q 
, “nJ 
| Ve \ \P / AP ; | 

AP, L Pe 

L pyny Np 

Multiplying and dividing by g under the radical, let 
APg 0 : 
——-_ = (. ——— ) and simplifying 

qg SV Kq 

AP 
BHP, 
500 ¢ 
[ 
2q | [ eae () 
+ — l \ Po/ Pend | 1 —Lpq:/q ( ry ) 
PoNp L L SV] 

Ratio of Cooling Powe 1 Fan to Coolin 7 Power W 


out a Fan 


Dividing equation 14 by equa I t 
BHP. (with ¢ 

BHP, ‘he 

AP spon | pP i) 
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FUEL REQUIREMENTS (au 


(Progress Report of Automotive 
Diesel Fuels Division of Coor- 
dinating Fuel Research Committee) 


MTT HHH 
Mi UUTUUTULLLUITLLHALLELLUUULUUeveeHUTEALVEUUSeeLHTHHTTTI EH CUT 


EPORTED here are the results to date of a 
study undertaken to determine the effects of 
ignition quality, viscosity, and volatility of fuels 
on engine performance, with particular refer- 
ence to engine deposits, odor and lachrymation, 
low-temperature starting, power output, fuel 


consumption, exhaust cleanliness, and engine 
smoothness. 


It is shown that cetane number appears to be 
of importance in engine starting, combustion 
roughness, misfiring, and varnish formation. 


Less viscous and correspondingly higher vola- 
tility fuels gave better engine combustion, as 
evidenced by cleaner exhaust and less deposi- 
tion in the engines tested. 


For practical purposes, it appears further, 
that the API gravity of a fuel can be taken as 
a measure of its heating value, which, in this 
work, appeared to be the most important single 
property affecting power and economy. 


THE AUTHORS: F. C. BURK (M ’28) has been super- 
visor of the automotive laboratory, Atlantic Refining Co. for 
the past six years. He has been associated with only one 
other company since graduating from the University 
Pennsylvania in 1925 —Socony-Vacuum Oil Co., where he 
was engaged in automotive engineering work. Mr. Burk 
is chairman of the SAE Philadelphia Section. G. H. CLOUD 


of 


(M ’38) is in charge of Esso Laboratories’ research on auto- 
motive fuel quality. Employed by Esso after receiving his 
doctor’s degree from the, University of Buffalo in 1935, Mr. 


Cloud has devoted his interests to the study of diesel fuel 
and automotive gasolines. W. F. AUG (M °30) joined 
Mack Mfg. Corp. in 1936, where he currently is serving as 


assistant director of research. Mr. Aug, who is chairman of 


the Automotive Diesel Fuels Division of the CRC Coordi- 
nating Fuel Research Committee, was formerly connected 
with Loening Aeronautical Engineering Corp., and the 
Texas C He attended Stevens Institute of Technology and 
New York University. 
MMII lalallala 
ul N 
{This paper was presented at the SAE National Fuels & Lubricants 
Meeting, Tulsa, Nov. 10, 1944.] 
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HE Automotive Diesel Fuels Division of the CFR hy 

as its basic purpose the study of fuel characteristics 4 
related to engine performance so that both the refiner ani 
engine manufacturer may develop their respective produc 
to best advantage. This paper is based on recent wor 
done by the Full-Scale Engine and the Requiremen 
Review Groups of the Automotive Diesel Fuels Dis 
One of the first projects undertaken by the Full-Sai: 
Engine Group was a program outlined for studying th 
significance of various fuel properties as related to eng 
performance. The results of the first phase of this stud 
which was completed in 1940, were presented in a progr 
report to the Automotive Diesel Fuels Division.’ ) 

It was evident from this report that further work would 
be necessary before the separate effects of the variot 
characteristics could be clearly defined. Accordingly 
Program Group in outlining future work decided th 
further efforts should be centered on studies to deter! 
the effects of ignition quality, viscosity and volatility 
engine performance, noting particularly their relat 

1. Engine deposits. 

2. Odor and lachrymation. 

. Low-temperature starting. 
. Power output and fuel consumption. 
. Exhaust cleanliness. 

6. Engine smoothness. 

The Fuels Group of the Automotive Diesel Fuels Ds 
sion prepared specifications? for the seven test 
arranged with refiners for their manufacture 
were selected in such a way as to permit study of t! 
of variations in a single fuel property while 
other major properties substantially constant. 

The Full-Scale Instrumentation and Procedure Gr 
the Automotive Diesel Fuels Division prepa: 
tions for a standardized smokemeter as well as other sta 
ardized methods of instrumentation and procedut 
conducting these tests. 

In order to expedite the program the work w 


among the 10 participating laboratories in such a way! 


1S 


e “Progress Report of Full-Scale Engine Group,’ 
Appendix B, Minutes of CFR Automotive Diesel Ft 
: T 


ing, Feb. 6, 1941 Published in SAE Transactions, \ 
1941, pp. 448-460: “Evaluation of Diesel Fuels in Full 

2 Letter, Oct. 9, 1941, addressed to participants in 1 
Automotive Diesel Fuels Division by L. E. Hebl, S! 
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WTOMOTIVE DIESEL ENGINES 


by F. C. BURK, 


Atlantic Refining Co., 


laboratories covered each 


roblem. 


a Participants 

panies which participated 
rogram are listed below: 
Vanufacturers — Caterpillar 
Fairbanks, Morse & Co.; 

Mfg. Corp. 
Refiners — Atlantic Re- 
Pure Oil Co.; Shell Oil 


G. 


H. CLOUD, 


Standard Oil Development Co., 


and W. F. AUG 


Mack Mfg. Corp. 


Property 


Ignition Quality: 


Diesel Index Number 
Cetane Number 
Viscosity at 100 F: 
Kinomatic centistokes 
Sayboit Universal, sec 


Distillation, F: 
IBP 


10% Point 
50% Point 
90% Point 
EP 





Fuel Numbor 


4 


64.2 


46.6 


1.378 
30.4 


Table 1 — Physical Properties of CFR Full-Scale Diesel Test Fuels 


Gravity, API 

Flash, PM, F 

Pour Point, F 

Water and Sediment 
Corrosion at 212 F 

Total Sulfur, % 

Carbon Residue (10% Btms.) 
Ash 

Color 


Sinclair Refining Co.; 

um Oil Co., Inc.; Stand- 

lopment Co.; and Tide 
\ ited Oil Co. 


167 
—§ 
Trace 
Pass 
0.215 
0.025 
None 
<2 


u Fuel Suppliers 


s were supplied by the fol- 
Refining Co.; Gulf Oil 
Oil Co., Inc.; Sinclair 
Group Fuel 


Standard Oil Co. i ae 


1 Standard Oil Co. of N. J. 1 1 37.5) 

‘ 2 48.9}Main 
enth 50 3 59.7) variation 
he fuels supplied by the 


Co. and Sinclair 


Fuel Combinations — With One Property Varying 


Distillation F 


IBP 
382 
371 
361 


Gravity, API 
30.7 
35.9 
41.1 


Viscosity, SSU 
36. 
35. 
35. 


30. 
35. 
49. 


10% 
444 
436 
429 


50% 
508 
515 
519 


90% 
604 
609 
612 


EP 

669 
654 
658 


fuel was a 50 
46.6 
48.9 
44.3 


44.7 
35.9 
28.3 


311 
371 
452 


347 
436 
528 


394 
515 
608 


491 
609 
691 


643 
654 
730 


fining Main 


variation 
50.5 


48.9 
45.2 


34.8 
35.9 
34.5 


37 
35 
35. 


484 
371 
333 


504 
436 
399 


516 
515 
514 


536 
609 
639 


558 
654 Main 
700) variation 


ical properties of the test 
found on Table tr. 


Table 2 — Test Engine Specifications 


Displace- 

ment per No. of 

Cylinder 
cu in, 


Com- 
pression 
Pressure, 
psi 


745 at 1525 
695 at 1400 


Nozzle 
Opening 
Pressure, 
psi 


Com- 
Cylin- pression 
ders Ratio 


Range of 
Speed, 
rpm 


Company 


Engine 
Reporting 


No. 


Stroke, 
in. 


Rated 
Bhp 


Combustion 
Type 


Injection 


Model Pump 


Cycle Nozzle 
terpillar 


clair 


D-3400 
D-4400 


55.2 
78.0 


18.5 
17.1 


32 
44 


600/1650 
600/1600 


Own 
Own 


Pre-combustion 
Pre-combustion 


Own 
Own 


1750 
1750 


aon 
cS) 


rbanks, Morse 
re Oil 
Tidewater 


36A41/, 
36A41, 
36A41;, 


85.1 
85. 
85. 


71. 
71. 
a 


15.2 
15.2 
15.2 


40 
10 
10 


540 at 1200 
540 at 1200 
540 at 1200 


500/1200 
500/1200 
500/1200 


Bosch 
Bosch 
Bosch 


Pre-combustion 
Pre-combustion 
Pre-combustion 


Bosch 
Bosch 
Bosch 


1750 
1750 
1750 
antic 


sit 


371 
171 
371 


DRXB 


19.0 
19.0 
19.0 


83 
15 
83 


500 
500 
500 


500/Z000 
450/1200 
500/2000 


Open 
Open 
Open 


Own 
Own 
Own 


Own 
Own 
Own 


1500 
1500 
1500 


gag Aan 


Tidewater 


ny-Vacuum 


2} 
> 


79. 14.5 104 450/2000 Pre-combustion Bosch Bosch 1600 


Mack 
tandard Oil, N. J. 


o 
w 
e 


76. 
86. 


14.6 
14.57 


375 at 165 
480 at 1000 


500/2200 
600/2000 


Bosch 
Bosch 


Lanova 
Lanova 


Bosch 
Bosch 


1700 


END-457 
ED 43 1700 


122 
131 


on 
w 
- 
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if OE Ee | 
API aravity 
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Heat of combustion, Btu per gal 


@ Analysis Group 


F. C. Burk, leader, Atlantic Refining Co.; W. F. Aug, 
Mack Mfg. Corp.; E. L. Conn, Fairbanks, Morse & Co.; 
L. M. Ferenczi, Standard Oil Development Co.; L. W. 
Griffith, Shell Oil Co., Inc.; W. M. May, Mack Mfg. Corp.; 
W. S. Mount, Socony-Vacuum Oil Co., Inc.; J. H. Smith, 
Caterpillar Tractor Co.; G. W. Zabel, Fairbanks, Morse & 


Co.; and C. B. Veal, secretary, Coordinating Research 
Council, Inc. 


a Fig. 2- 
ASTM _ distil- 
lation 


for 


curves 
test fuels 
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m Test Equipment 


|1—-Related 
properties of diesel 





A complete description of the engines used is give 


Table 2. 


Detailed Report 


m Selection of Fuels 


The results of diesel fuel studies during recent years 
oD 4 


shown ignition quality, gravity, viscosity, and vol 
be the major fuel characteristics aflecting 
engine performance. It is assumed, of 
motive diesel fuels must be stable, noncorrosive 


from abrasives and residual materials. 


When cooperative studies were initiated to deft 


clearly the separate effect of each of these 


r 
properties, the selection of suitable test fuels 
problem of no mean proportions. At first glance 


) 


step would appear to be the selection of fuels c 


all characteristics except the one to be investigated 


ever, the close interrelations between all these | 
illustrated by the chart developed by the Esso Lal 
and shown as Fig. 1, do not permit such a direct 
From Fig. 1, it is evident that for a given m1 
point (or viscosity), API gravity will vary dir 
cetane number, and for a given cetane number, th 
will vary directly with volatility and inversely 

cosity. si 
is such that 
isolated except possibly by tests on doped fuels, w! 


not been included in the present program. 


Assuming that gravity can be eliminated as a 
fuel selection, viscosity, volatility, and ignition 


(cetane number) remain to be considered. For 


fuels of similar cetane number, mid-boiling point 
directly with viscosity and either may be used in co! 


auto! 


course, that 


pertin 


he relation of gravity to the other charac! 


its effect on engine performanc i! 
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x fuel pump slippage, fuel spray formation, 
ition. Accepting these simplifications, there 


















investigated the effects of cetane number, 
ling range), and viscosity. The effect of one 
perties can be isolated by studying the per- 
, series of fuels in which one is varied while 
ire held constant. 
yasis of these considerations, three groups of : + 
ich were selected for studying the separate 
tane number, volatility, and viscosity. The 
ections of these fuels and the combinations 
7 n in Table 1. The fuels shown in Group I, 5 OS 
‘abl re selected to show the effect of cetane number, 


n Group II, the effect of viscosity and overall 
fuels in Group III, the effect of boiling 





, distillation curves are shown in Fig. 2. Fuel 
N s common to the three groups and was prepared by 
No. 1 with fuel No. 2. 


m Fig. 4—Variation of engine deposits with viscosity (engine No 
7) 





Table 3 







Summary of Engine Deposits 
‘Engine No. 7 


Fuel Number 
















5 7 2 

Total Combustion-Chamber 

Deposit, GM 4.06 3.91 3.5 3.32 3.28 2.02 1.88 
Lacquer Rating, % 43 38 22 26 3 <1 <1 
Carbonaceous Material in 

Used Oil, % 0.36 0.02 0 0.03 0.04 0.09 
Chloroform Solubie in Used 

Oil, % 0.06 0.03 0.01 0.04 0.02 0.09 





























The data in the following table summarize the results 


obtained in the tests run to determine width of cut or 


ae re boiling range. 
« Fig. 3-Variation of engine deposits with cetane number (en- Fuel No. » - 5 
4 gine No. 7) 90% Point 609 639 536 
: End Point 654 700 558 
Combustion-Chamber Deposits, ¢ 3.32 3.51 2.02 
Lacquer Deposits, % of piston covered 26 22 1 


; . The | oo ] 5 ee ae eee 
9 Engine Deposits The above results on fuels Nos. . and 7, which have 
comparable properties except for boiling range and repre 


‘ ] et . . ] + 
e€ aep } >| i > DOI , | 
leposits discussed in this report include both sent conventional commercial fuels, would indicate that 


| | ¢ . " . he ; . . 
chamber carbon, and th¢ lacquer formed in the boiling may be changed considerably without appreciably 
= ind on the skirt of the piston. affecting engine deposits. However, the results on fuel 












Osit tests were run with engine No. 7, which No. 6, with a very narrow boiling range, but otherwise 

perated on a cycle of 3 min idle and 7 min at 80% similar to fuels Nos. 2 and 7, contradict these conclusions 
ind at full speed for a period of 40 hr. Water- No correlation could be established between deposition and 
perature was held at 150 F, To minimize the the Conradson carbon values on the 10% bottoms of the 
e lubricating oil on the deposits, white oil was fuels. 


hr: + . , . 1e + >» 7 1 
brication. Carbon deposits removed from the Undoubtedly, other factors, such as sulfur and percentage 


phe exhaust ports, combustion chambers, injec ind type of cracked material, which were not evaluated in 
gozzles, cylinder liners, and piston crown were 


shed. The area of the portion of the piston skirt 


h lacquer was measured and its percentage of 


wil Thos . Table 4 — Detailed Engine Deposition Data 
rea calculated. Thé test results are summarized 









; Engine No.7 
3 and 4, and the data are plotted against fuel 
. ‘ Fuel Number 
n Figs. 3 and 4. 
. : 1 2 3 4 5 6 7 
ita show that, except for munor variations, Combustion-Chamber Deposit, GM 
" . | Total 2.91 3.32 3.28 1.88 4.96 2.02 3.51 
cnange occurred in carbon deposition it Was Exhaust Valves and Ports 3.24 2.71 2.71 1.72 2.61 1.60 3.30 
1 } > > : ‘ — — . Combustion Chamber 0.21 0.13 0.13 0.05 0.54 6.11 0.10 
d by a corresponding change in lacquer forma ieheatar theme 001 008 0:06 9 008 600) «(Of et 
carbon and lacquer deposition de creased with Liner and Piston Crown 0.45 0.42 0.38 0.11 0.85 0.30 0.10 
etane > "re1A Ce " increasing Piston Lacquer Rating 37.5 26.0 3.0 <1 43.3 1 22.0 
; es arog but increased w — reren ing Used Oil Properties: 
\g decrease in depositions was noted with increas- Naphtha Insoluble 0.05 0.04 0.06 0.40 0.20 0.04 
' on : os CH C; soluble 0:03 0.01 0.02 0.06 0.11 0.04 
avity but this was thought to be due chiefly to Carbonaceous Materia! 0.02 0.03 0.04 0.36 0.09 0 


ted effect of cetane number. 


this program, also influence deposition. Further work will 
be necessary to evaluate these characteristics. 


The fuels producing the larger carbon and lacquer 
deposits in the engine also caused high carbonaceous and 
chloroform-soluble materials to appear in the used oil. No 
other consistent correlation was observed between the fuel 
characteristic and the contamination of the lubricating oil. 
Since the test conditions were not sufficiently severe to 
cause serious deterioration of the lubricating oil, the con- 
tamination obtained would be expected to have originated 
in the combustion chambers, however, the values were very 
small in most cases. 


The magnitude of the carbon deposit values found in 
this investigation differed from that reported in 1941. This 
was to be expected because of the diffezence in test proce- 
dures. The trends, with the exception that a correlation 
with Conradson carbon residue could not be obtained with 
the present data, are essentially the same and support the 
conclusion reached in the earlier report. 


m Odor and Lachrymation 


While no standard tests have been developed to evaluate 
the odor and lachrymation characteristics of diesel fuels, 
published data available indicated an apparent relationship 
between odor and lachrymation tendencies of fuels and the 
aldehyde content of exhaust gases. The procedure used by 
the single laboratory which submitted data on this subject 
was not as outlined in the program. The aldehyde data 


were obtained during the power and fuel consumption 
runs. 


The engine employed was a 6-cyl, Lanova-type, com- 
bustion-chamber engine. Odor determinations or “sniff” 
ratings as well as determinations of aldehyde content of the 
exhaust gases were made at all speeds and loads for all 
fuels. As judged by “sniff” ratings, no objectionable odor 
could be found for any of the fuels under any of the test 
conditions. The percentages of aldehydes measured in the 
exhaust gases were extremely low. Maximum values of 
0.012 and 0.010%, though insignificant, were found at % 
load. The conclusions drawn from this work were that, 
for this particular engine and within the limits of these 
tests, none of the fuels produced sufficient aldehyde concen- 
tration in the exhaust gas to be classified as objectionable. 


These results apply to test conditions which were not 
conducive to odor and lachrymation, hence, the conclusions 
reported probably do not apply to city-service type of 
operation where it might be possible to detect differences 
between the test fuels. 


= Low-Temperature Starting 


The object of this part of the program was to establish 
the relative importance of those properties of the fuel 
which are thought to have the greatest effect on low- 
temperature starting. Auxiliary starting devices, such as 
air heaters, flame primers, glow plugs, or the addition of 
quick-starting materials to the air intake, were all excluded 
from this program, since the tests were designed to measure 
the effect of the physical properties of the fuels only. Con- 
clusions drawn from these results, therefore, do not indicate 
the minimum temperatures at which an engine could be 
started under service conditions. 


One laboratory reported data on starting temperatures 
for five of the seven fuels. Time was not available to com- 
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u Fig. 5 — Low-temperature starting tests (engine No. |!) ~rels 


tion of cranking time to engine temperature 





plete the tests on all fuels and clear-cut differences on th 
effect of fuel properties as related to starting were | 
apparent. Trends were indicated? however. 

The procedure followed very closely that outlined in th 
1944 CFR Handbook. The engine, No. 11, a 6-cyl, 4-cyci 
Lanova-type, combustion-chamber diesel was mounted 
a low-temperature room where a separate cooling syst 
was used to reduce the time for chilling between starts 
soaking period of 3 hr at the test temperature was « 
ployed, as experience indicated this was desirable 
decrease the limits of experimental error. Batteries \ 
kept fully charged at all times and were subjected to ' 


same ambient temperature conditions as the engine. The 


cranking speeds at the test temperatures varied fron 
rpm at the higher temperatures to 280 rpm at the | 


temperatures. The cranking speeds at each temperature 


for each test fuel were essentially the same. Lubricating 
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= Fig. 6—Low-temperature starting tests (engine No. !!)-'° 


tion of ease of starting to cetane number 


of SAE No. 30 grade was used for all tests and its effect ¢ 
starting held to a constant value by frequent changes. 


Fig. 5 and Table 5 present the data for the starting © 
and show the cranking time in seconds versus eng! 


temperature. Satisfactory starts for each fuel were 


trarily selected as the temperature at which the eng! 
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that results are expressed in terms of both lb per bhp-hr and 


Variation of Ignition Quality with Starting Temperatures pt per bhp-hr. 


ple 5 . : 
Seconds Cranking Time for Start) 













A. Weight Basis —- Fuel consumption data were reported 


Fuel Number , : : : 
Cempiathiiaa santnnnmniianintgiamuetairegmtaiae by six laboratories but, because of differences in test con- 
Test,F 1 4 5 6 7 se , ' ; 
2 —9 ditions, the data from only two of these were averaged for 
\ . . - < 
5 63.9 29.5 analysis. 
0 31.7 58.0 23.2 69.7 “"y st aa 
‘5 ae — “ 2 The test data given in Table 6 show the thermal prop 
55 ia 20.1 19.6 erties of the seven test fuels and the data in Table 7 
7 12:4 summarize the engine test results at full speed and variable 
0 1.6 ] 


loads. Table 8 shows the ave rage re sults for all speeds and 
loads. 








; a The effects of gravity o rt ( \ 
to run after 30 sec of cranking. The fol- The effects of gravity or heat of combustion (HHV) on 


} - - ; 
the specific fuel consumption when expressed in lb per 
nmarizes these data: I C l « | nm ex] ec f 







































Fuel Number 


ting 1 4 5 6 7 Table 6 — Thermal Properties of Test Fuels 
emperature,F 58.0 40.8 50.0 36.4 49.4 


S 


T Fuel API Heat of Combustion 
No. Gravity HHV), Btu per Lb Lb per Gal Btu per Ga! 
. :; ; 1 30.7 19, 539 7.284 141,920 
St peratures were plotted against various fuel 2 35.9 19,764 7.028 139, 100 
! the only definite trend indicated was the ; an? 20,087 6 686 138°370 
, between ease of starting and cetane number (Fig. : oy Lb Seo 4 Lp to 
s figure shows that as the cetane number increased, ? 34.5 19,707 7.098 139,880 
temperature for satisfactory start decreased, 
0 t increase in cetane number corresponding to a Table 7 — Specific Fuel Consumption 
1.6 F in minimum starting temperature. These (Average of engines Nos. 3 and 8 for full speed ~ variable load) 
ind to be -in substantial agreement with the Full Load % Load ¥4 Load Y, Load 
n in the previous progress report. Fuel API  Lbper Ptper Lbper Ptper Lbper Ptper Lbper Ptper 


. . . No. Gra Bhp-Hr Bho-Hr Bhp-Hr Bhp-Hr Bhp-Hr Bhp-Hr Bhp-Hr Bhp-Hr 
other physical properties of the test fuels — » f v 


oe 2 a 1 30.7 0.506 0.560 0.525 0.578 0.628 0.695 0.922 1.023 

ity, viscosity, and IBP, 10%, and 50% ASTM 2 35.9 0.490 0.558 0.517 0.588 0.600 0.685 0.909 1.036 
BRS “- = : ; 3. «41.1 0.477 0.563 0.516 0.608 0.585 0.691 0.869 1.025 
points were found. Correlation between diesel 4 44.7 0.487 0.587 0.522 0.629 0.595 0.725 0.898 1.082 
ec 5 28.3 0.495 0.540 0.540 0.588 0.610 0.660 0.917 1.001 
iustactory starting temperature was, as would 6 34.8 0.489 0.553 0.522 0.591 0.603 0.685 0.886 1.008 
roughly the same as cetane number and 7 34.5 0.485 0.548 0.511 0.579 0.599 0.679 0.889 1.001 


y reflected the value of diesel index as a measure of 
umber. At lower atmospheric temperatures than 
oyed in these tests, it is conceivable that a rela- 

I tween fuel viscosity and ease of starting may be 


bhp-hr for full rated speed and variable loads are shown 
in Fig. 7. As shown, the specific fuel consumption de- 
creases directly with an increase in API gravity for all 
loads. The decrease appears more pronounced at light 


above conclusions were based on the data from one 
ry and one engine. While the trends shown were 
this engine, further work on additional makes of Table 8 — Specific Fuel Consumption 
Meines will be necessary to establish definitely the corre- (Average of engines Nos. 3 and 8 for all speeds and loads 
tion between fuel properties and ease of starting for high Fuel Number 


tive diesel engines in general. 


1 2 3 4 5 6 ? 
Lb per Bhp-Hr 0.520 0.515 0.509 0.515 (0.527 0.514 0.812 
a . PtperBhp-Hr 0.577 0.589 0.604 0.623 0.576 0.584 1 
uel Consumption Thermal Value, 
Btu per Lb 19,539 19,764 19,968 20,097 19,429 19,718 19,707 
run at vari ¢ . : eaeeas Thermal Value, 
; t various loads and speeds to determine Btu per Gal 141,920 139,100 136,300 134,370 143,250 139,700 130,880 


es of the seven test fuels which have the 
nce on fuel consumption. The variations in 
economy obtained on the various fuels are 
nable on the basis of differences in heating 
iting that fuel properties other than gravity 
r t ent did not appreciably affect these engine 
characteristics. Accordingly, only compari- 
heat content and/or API gravity have been 


loads than at full loads. Fig. 8 shows the average results 
for the effect of API gravity on specific fuel consumption, 





lb per bhp-hr, for all loads and speeds. Again specific fuel 













consumption decreases as API gravity increases and a 
clearer definition of the curve is evident. In evaluating the 
change in specific fuel consumption from the curve, a ratio 
of 1.035 is obtained by dividing the poorest specific fuel 








ling engine efficiency by measuring specific consumption by the best (0.527 divided by 0.509). The 
N, it is important to appreciate the differ- change in heating value from the lowest fuel to the highest 
; uel consumption on a weight and a volume gives a ratio of 1.034 (20,097 divided by 19,429). This 

low API gravity have the lowest heating result indicates that the changes in fuel economy are 

Btu per Ib standpoint, but, because these directly the result of change in heat content. 

‘a ne gal, they have the highest heating B. Volume Basis — The effect of API gravity on specific 

Mage basis. 


fuel consumption on a volumetric basis is shown in Fig. 9 
ries measured fuel consumption by weight. for full rated speed and variable loads and in Fig. 10 1s 


+t 


1 were also converted to a volume basis so averaged for all speeds and loads. On the volumetric basis 
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a Fig. 7— Variation of average specific fuel consumption (weight 
basis) with API gravity — results are average data for engines Nos. 
3 and 8 at full rated speed 





a Fig. 8- Variation of average specific fuel consumption (weight 
basis) with API gravity—results are average of data obtained 
on engines Nos. 3 and 8 for all loads and speeds 


the specific tuel consumption (pt per bhp-hr) increases 
directly with an increase in API gravity for all loads, as 
shown in Fig. 9. The increase is greater at light loads than 
at full loads. 

In comparing the change in specific volumetric fuel 
consumption with the change in heating value of the test 
fuels, we find a ratio of 0.623 to 0.575, or 1.08, for the fuel 
consumption change and a value of 1.07 for the change in 
heating value (143,250 to 134,370). Therefore, from either 
a weight or volume basis, it may be concluded from these 
facts that specific fuel consumption is directly associated 
with changes in API gravity or in heating value of the fuel. 

These conclusions support those drawn in the previous 
report and are also in agreement with other published data. 


m Power Output 


Power output data at constant rack setting were ob 
tained by only one laboratory. The engine used in this 
part of the program was No. 10. The data obtained indi- 
cated that power could best be correlated with API gravity, 
as shown in Fig. 11. The trends are fairly well established 
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a Fig. 9—Variation of average specific fuel consumption [volys, 7 
basis) with API gravity — results are average data on engines Nx 
3 and 8 at full rated speed 
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for the various load conditions and indicate that the n 
of the power loss to the API gravity increase is larger g 


lighter loads. The data from which this chart wa 
structed are given in Table 9. 





mw Exhaust Smoke 


The problem of exhaust smoke is important beca 
power output of the diesel engine is sometimes limited ) 
the permissible amount of smoke. Some city ordinanc 




















Table 9 — Indicated Power 
Engine No. 10 Relative to Fuel No. 5 











Fuel No, Full Load 34 Load 14 Load 1, Load 
1 101.8 98.5 96.8 99.5 
2 95.4 97.2 95.1 93.3 
3 98.5 95.0 92.0 92.0 
4 97.5 91.0 86.4 84.5 
5 100.0 100.0 100.0 100.0 
6 98.8 98.2 96.5 95.5 
7 97.8 97.2 95.1 96.6 
Hoat of ¢ mbu tion(HHV) Btu per 1a 


JY, aa U S 





= Fig. 10—Variation of average specific fuel consumption 
basis) with API gravity—results are average data obrainee 
engines Nos. 3 and 8 for all loads and speeds 
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sriation of relative power output with API gravity for engine No. 
value for all speeds; power developed on fuel No. 5: 100% at all 


peeds; equal rack setting for any given speed and load 


unt of smoke which would be tolerated. In 
king is objectionable because operation under 
tions accelerates carbon deposition and gen- 
fouling. 
s; were used in this study, a 4-cyl and a 6-cyl, 
mbustion-chamber engine; a 6-cyl, 4-cycle, 
engine, and a 3-cyl, 2-cycle, open-chamber 
moke readings at the various speeds were 
each load to obtain a representative smoke 
h load for each of the seven fuels. Per cent 
ned as the full-scale meter reading with air, 
ter reading with smoke, divided by the full- 
reading with air, multiplied by roo. 
smoke values for various loads as it is 
viscosity is shown in Fig. 12. The average 
increase in smoking with an increase in 
engine loads. Figs. 13 and 14 show the 






5 = Fig. 12 (left) - 
Variation of smoke 
of four engines 
(Nos. 3, 8, 9, and 
10) with viscosity - 
all speeds — variable 
load 


} a Fig. 
i Variation 
| with 
above: 































{right} — zg 


viscosity-— 
engine No. 
9; below: engine 
No. 8 


* See SAE Transact 


“The Control of Smoke sh, Automotive Die , 4 Ww. WwW 





effect of viscosity on smoking in individual 
engines. The individual engines did not fol 
low this trend in all cases. The relation 
between smoking and mid-boiling point (Fig. 
15) is quite similar to that obtained tor vis 
vosity. This is to be expected since viscosity 
and mid-boiling point vary directly for fuels 
of constant cetane number. The data shown 
in Fig. 16 indicate that the 90% point and 
end point of fuels can be varied widely with 
out appreciable effect on smoking, provided 
cetane number and viscosity are held constant. 

From the results given in Fig. 17, based 
on the average results from four engines, it 
is evident that cetane number had a neg 
ligible effect on smoke under all the condi- 
tions of these tests. However, it has been 
reported that cetane number is a factor in 
smoking at acceleration after an idling pe 
riod, although these conditions were not 
covered in the present work.* Tables 10 
and 11 summarize the engine test results on 
smoke. 


m Engine Combustion Roughness 


Data on combustion roughness taken from combustion 
oscillograms were submitted for one engine, No. 1, a 4-cyl, 
precombustion-chamber type. 

Another laboratory submitted aural data on knock in- 





smoke - 


. : 

for a 2-cycle, direct-injection, 3-cyl engine, No. 6, 
| | 1 

when accelerated under load. The engine used in observ- 

knock intensity was connected to a dynamometer 


having controls set to impose full load at 1000 rpm when 


the engine was accelerated from 500 rpm to 1500 rpm. 






G. H. Cloud, A. J. B kw j nd W. J. Sw 


Table 10 — Average Per Cent Smoke 
Average of four engines at all speeds) 


Fuel No. Full Load 34 Load 4 Load 1, Load 
2 57.1 24.2 13.9 11.2 
1 47.1 29.1 15.8 8.5 
3 54.2 25.0 14.2 13.3 
4 50.5 20.7 10.4 8.7 
5 61.9 30.5 22.7 15.3 
6 50.2 24.5 17.6 11.8 
7 53.9 27.7 17.7 13.5 
Table 11 — Per Cent Smoke 
(Average all speeds, each engine) 
Fuel No. Engine Full Load 34 Load % Load 4, Load 
2 Fairbanks, Morse 61.2 28.5 12.2 2.3 
Mack 73.2 24.1 13.1 9.0 
General Motors 30.0 26.9 22.8 30.4 
Hercules 64.0 17.5 7.6 3.2 
1 Fairbanks, Morse 72.7 32.0 12.3 3.8 
ack 41.3 18.5 20.6 9.9 
General Motors 27.2 26.7 14.6 11.6 
Hercules 15.0 
3 Fairbanks, Morse 62.3 29.2 14.1 5.1 
Mack 62.0 21.6 11.5 10.9 
General Motors 29.3 33.6 25.4 33.5 
Hercules 63.2 15.6 5.9 3.8 
4 Fairbanks, Morse 69.2 30.3 13.5 4.8 
Mack 37.4 25.4 14.4 11.8 
General Motors 16.7 11.6 7.5 16.0 
Hercules 78.8 15.5 6.3 2.0 
5 Fairbanks, Morse 61.4 36.6 16.0 3.8 
Mack 80.7 38.7 35.1 15.2 
General Motors 36.9 32.3 33.0 35.7 
Hercules 68.7 14.3 6.8 6.7 
6 Fairbanks, Morse 59.2 33.4 15.4 5.1 
Mack 60.7 20.7 16.4 6.7 
General Motors 26.5 26.2 30.2 30.0 
Hercules 54.5 17.7 8.3 5.25 
7 Fairbanks, Morse 58.7 32.8 13.3 3.8 
Mack 66.1 27.8 19.0 9.8 
General Motors 29.5 29.4 27.4 34.9 
Hercules 61.2 21.0 11.3 5.3 


The oscillographic data covered the range of full loads 
at variable speeds to part loads at full rated speed. Because 
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a Fig. 14 
(left) —Varia- 
tion of smoke 
with viscosity 
—-above: en- 
gine No. 3; 
below; engine 


No. 10 


KE Jo 








the results obtained at full rated speed seemed to be th 
most reliable, only these data have been included jp 
analysis of the effect of fuel characteristics on engine roy 6 
ness. The rate of pressure rise, as measured on te ol 

grams, was used as an indication of combustion rough 7 


w Effect of Cetane Number 


Fuels No. 1, 2, and 3, having cetane numbers from », 4 
to 59.7, cover the entire cetane range of the seven fuels 3» x 
have otherwise similar characteristics with the excepig 
of gravity. Plotting cetane number against combugiy 
roughness for fuels No. 1, 2, and 3 shows a definite try 
for the higher-cetane fuels to cause less roughness at ry 
speed, as shown by Fig. 18. From the standpoint of r, 
tive roughness, as well as the ratio of the rates of Dressur 
rise, engine roughness decreases with increase in cet 
number. 

Aural observations agree with the oscillographic 
indicating a decrease in engine roughness with increas 
cetane number. This is illustrated in Fig. 19. The rating 
range from heavy knock on the 37.5 cetane-number fuel 
light knock on the 59.7 cetane-number fuel. The eng», 
test results are summarized in Tables 12 and 13. 
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Table 12 — Engine Roughness 


Rate of peak pressure rise to rate of compression pressure rise— 


full rated engine speed) 


FullLoad 759%Load 50%Load 25%Load 

1.70 
1.60 
1.30 

60 
1.80 

.40 

60 


Table 13 - Knock Intensity 





m Fig. 17 
(left) —Varia- 
tion of aver- 
age smoke of 
four engines 
(Nos. 3, 8, 9, 
and 10) with 
cetane num- 
ber — for fuels 
of equal vis- 
cosity and 
volatility 


a Fig. 18- 
Engine rough- 
ness-—rated 
speed (en- 
gine No. |) 


No Load 


Engine accelerated under load from 500 to 1500 rpm— 
dynamometer set for full road load at 1000 rpm) 


Fuel No, Observed Knock Intensity 


Average 


a Fig. 19 
(right)- 
Knock inten- 
sity — engine 
accelerated 
under load 
{engine No. 


6) 


m Effect of Viscosity and Volatility 


The test results on engine No. 1 indicated a slight 
increase in roughness regardless of the engine load as fuel 
viscosity was increased, as shown in Fig. 20. However, the 
increase is smali and is explainable on the basis of the 
slight increase in Btu’s per pump stroke obtained with the 
higher viscosity fuels. The ASTM 90% and end points 
showed no perceptible effect on roughness over the range 
studied. 


m Conclusions and Recommendations 


1. The work here reported constitutes a significant ad 
vance over that undertaken previously, in that the selection 
of the test fuels was made in such a way as to permit the 
study of substantially independent effects of ignition qual 
ity, viscosity, and volatility. 

2. In a cooperative project of this kind individual lab 
oratories using engines of different design obtained results 
difficult to summarize in definite statements of fact. This 
work marked an improvement over previous tests in that 
some degree of standardization was reached in the test 
procedures employed and the measurement of smoke, but 
need for further improvement was evident. Instruments 
Com 


were also used for measuring engine roughness. 
panies using such devices improved the reproducibility of 


a Fig. 20- 
Engine rough- 
ness at rated 
speed [en- 
gine No. |) 








Table 14 — Fuel Requirements for Diesel Engines 











Water Distillation Viscosity at 100 F 
and Carbon temperatures, F a 
Flash Sediment, Residue, Ash, —— = Kinematic, Saybolt Sulfur, Alkali j 
Grade o Point, Pour Jo by Jo by Jo by 90% End centistokes Universal, FJ by and Cota a 
Diesel ig Point, volume weight weight Point Point §=£—————-————. sec weight ¢ Mineral Nom le 
Fuel Oil* Min. Fa Max. Max. Max. Max. Max. Min Max Max. ax. Corrosion Acid ag h 
No. 1-D 100 or Legal 0.05 0.05¢ 0.01 550/ 0.5 Pass None 4 . 
No, 2-D 140 0.05 0.25¢ 0.01 650 700 2.0 (32.6)2 6.0 (45.5)¢ 1.0 Pass None 4 li 
No. 3-D 140 0.10 0.25 0.2 : 12 (65) ¢ 1.5 None % ' 
No. 4-D 140 0.50 2.00 0.10 1404 2.0 None F 
ee Cc 
« With the exception of the changes in the estimation of Conradson carbon, pour specified at least 10F below the lowest fuel temperature reached in service. 
point, ash, 90% point, and cetane number, these requirements are the same as those * On 10% residuum 
listed in the Diesel Fuel Oil Classification published in the Proceedings of the American a ng = ; 
Society for Testing Materials, Vol. 41, 1941. _ 4 Set to assure a light fuel for critical service, where smoking on heavier sta ( 
f a - a ree : might be objectionable. q 
+ No. 1-D diesel fuel is a distillate fuel of high volatility for use in high-speed engines ; : 1 
(speed range above 1200 rpm); No. 2-D is a distillate fuel of medium volatility for high- ¢ Equivalent values, Saybolt Universal, seconds. 


speed engines (speed range above 1200 rpm); No. 3-D is a distillate fuel of low volatility 
for medium-speed engines (speed range between 500 and 1200 rpm); and No. 4-D is a 
viscous fuel for low-speed engines (speed range below 500 rpm). 

* The flash point has no bearing on performance of a fuel in an engine. However, 
itis required for storage, or for legal limits. 

4 to avoid flow restrictions in cold weather, the pour point of a diesel fuel must be 


* Oil more viscous than No. 4-D may be specified by referring to No. 5 fuel oi tt | 
ASTM Designation: D 396) with an agreement between the purchaser and sell 
ing limits for carbon residue and sulfur. 


_ * Although the information regarding the absolute maximum limits for sulfy ' 
still inconclusive, recent evidence indicates that the sulfur permissible in these recon. 
mendations may be excessive. 


OF regard. 





results and pointed the way to more reliable data by use of 
standardized equipment. 

3. When isolated trom the complicating influence of 
viscosity and volatility changes, cetane number appeared to 
be of importance in engine starting, combustion roughness, 
mishring, and varnish formation. In the range from 37 to 
60, cetane numbers appeared to have no important influ- 
ence on exhaust smoke, power, or fuel consumption under 
the operating conditions employed in these tests. These 
conclusions are based on the combined effects of gravity as 
it varied along with cetane number. 

4. Fuel viscosity cannot be divorced from volatility in 
normal hydrocarbon fuels, hence these characteristics must 
be considered jointly. Less viscous and correspondingly 
higher volatility fuels gave better engine combustion as 
evidenced by cleaner exhaust and less deposition. Because 
of increases in pump leakage and a lower heat content, 
slightly less power and lower economy or overall efficiency 
were obtained with the less viscous and more volatile fuels. 

5. For practical purposes the API gravity of a fuel can 
be taken as a measure of its heating value, which in this 
work appeared to be the most important single property 
affecting power and economy. Increasing API gravity 
resulted in a decrease in specific fuel consumption on a 
weight basis (lb per bhp-hr) and an increase in volumetric 
fuel consumption (pt per bhp-hr), but it showed no appre- 
ciable effect on any other engine performance characteristic. 
These conclusions applied to all loads although the trends 
were more pronounced at lighter loads. 

6. The present results and conclusions are in general 
agreement with those presented in the first CFR Full-Scale 
Engine Report. Although the data obtained to date in the 
full-scale work are not as complete as desired for a clear-cut 
definition of the role played by the various fuel character- 
istics on engine performance, considerable ground has been 
covered and valuable information on the selection of test 


fuels, test procedures, and techniques has been acquired 
for use in future programs. However, a similar program 
must be conducted on a much wider variety of equipment 
before the validity of the conclusions drawn in this work 
can be considered as firmly established. In addition, the 
work needs to be expanded to cover the study of the effects 
of sulfur on engine deposits and wear as well as the effects 
of viscosity on wear in fuel injection equipment. 
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7. At the suggestion of several diesel-engine manuf, 
turers and operators, the chairman of the Automotiy 
Diesel Fuels Division of the CFR appointed a commit 
to review the available data and make recommenda 
as to the fuel requirements of the various classes of 
engines. This committee* met and on the basis of 
results of the work done by the Full-Scale Group, su; 
mented by the general knowledge and experience « 
individual members, drew up the diesel fuel classifica 
shown in Table 14. This classification was discuss 
meetings of the Automotive Diesel Fuels Division a: 

CFR and accepted by both groups without change. ex 
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Tire Vulcanization 
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advantages of greater uniformity of cures in appreciabl | 
less time and with the employment of a smaller amour 

and variety of equipment to the building of new tires a 

well as the recapping and repairing of used tires. 

No part of the cost of our developments has been | 
for by the Government. The legal branch of the Am 
(Judge Advocate General) has ruled that my work in con 
nection with these developments was outside my offic 
duties and, as a result of this ruling, the Government 5 
accepted a limited royalty-free license for the repair of t! 
until six months after the duration of the war, after w! 
time, our armed forces may continue to use the ¢ 
obtained during the former period until it wears out 

That Army Ordnance has considered that our deve 
ments — which have been freely demonstrated to its rep! 


procurement of larger electronic generator equipment ‘0! 
further exploration of these new applications for repairing 
tires. This fact seems especially significant. If t! | 
forecast for post-war objectives of tires which may ° 
counted on to give service for 100,000 miles may be brous' 
to an earlier reality as a result in part of our modest unct! 
takings, this will be an unexpected dividend for the © 
money, and efforts cheerfully expended. 
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HE udercarriage of modern aircraft must be 

cap of meeting stiff requirements. In ad- 
Jition to being able to absorb the impact equiva- 
lent to o free fall of the aircraft of 27 in., it must 
have good taxiing characteristics, it must be 
light in weight and take up as little space as 
possible, and it must have a simple retraction 
orrangement. 


Extensive laboratory tests have resulted “in the 
development of a number of undercarriages to 
meet these requirements better, each of which is 
discussed here by Mr. Brown. 


rHE AUTHOR: ROY W. BROWN (M '26) became a: 
Firestone Tire & Rubber Co. in 1919 where he 
harge of the Aviation Products Research Di- 
f Mr. Brown’s research engineering has been 
of plant processes, measurement and study 
tal physical properties of rubber. He is a 
f technical papers, among which was “Engi 
erties of Rubber in Compression,” printed in 
1940 SAE Journal. Mr. Brown is 
Riding Comfort Research Cx 
the SAE (¢ 
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through ages of evolution, has equipped its 
reatures with landing and take-off arrangements 
well adapted to conditions encountered. Even 
litions are widely different from those existing 
und rotating-wing aircraft, a casual study indi- 
ure points the way on many basic principles, 
tion, energy absorption, mechanical linkages, 

y minimum weight. Research in an effort to 
principles better has now evolved some new 
rmitting new combinations better adapted to 


lictated by practical application on modern 


# Requirements Are Diverse and Complex 


g, impacts of large magnitude must be cush 
it the aircraft structure is not subjected to 
es. The elastic elements of the undercarriage 
the pneumatic tire and the impact absorbing 
capable of safely landing the aircraft at a rate 

cent of some 12 fps. This is equivalent to 
attained from a free fall of 27 in. and is about 
greater than requirements for a passenger auto- 
impact requirements in itself present a formi- 
m when it is considered that good taxiing 


paper was presented at the SAE National Aeronautic 
ct. 6, 1944.] 
Zech, November, 1942, ‘“‘Retractable Landing Gear 
em Child.’’ 
Information Circular 
Stress in 
’ by T. dePorte 
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Vol. 7, N 


ir - ol ° 602, Part 
Landing Gears and 


Design 
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October, 5 

Trautman. 
39, December, 1940, pp. 80-81, 136; 
“‘Shock-Absorbing Systems,” by W 


RESEARCH and 
Tomorrows 
AIRCRAFT 


UNDERCARRIAGE 


by ROY W. BROWN 


In charge, Aviation Products Research, 
The Firestone Tire and Rubber Co. 


characteristics, strength with light weight, simplest retrac 
tion arrangements, and compliance with numerous labora 
tory tests must also be provided. 


Higher and higher speed and | 


longer landing and take 
off runs dictate taxing characteristics ot a type equivalent 
This 


must be accomplished even though landing impacts many 


to that provided by the best automobile suspensions 


times those of the automobile may be occasionally en 


countered. 
High-strength, light-weight structures have long fea 


tured aircraft design. Nowhere in the aircraft will such 


construction pay greater dividends than in the under 


carriage. In the past several years the undercarriage and 


associated structure weight has decreased from some 7% 


of the plane’s weight to around 5% or less. Further reduc 


} 


tion is feasible with some redesign of the airframe 


Adequate tire size and gear capable of absorbing large 
energy necessitate a structure difficult to retract into avail 
possible relocation 


Multiple f 


on the very large aircraft offer interesting possibilities. A 


able wing sections. tires and 


review of the development of retractable undercarriages* 


] } 
VO ved to cate 


emphasizes the many complex mechanisms e1 


to accomplish acceptable retraction 
oye 


tests~’ ° ‘ ave resulted trom 


These “droy 
test” the undercarriage as an assembly and predetern ne 


Modern labora 


tory drop-test equipment at Firestone, illustrated in Fig. 1, 


Extensive laboratory 


intensive development of the undercarriage 


its performance and structural integrity. 


provides flexibility, rapidity of test, and extreme precision 
ristics. 


of measurement of all-important characte 


Knowledge of the physical factors, displacement, ve 


locity, acceleration, and time of motion of absorbing 
unit and the wheel is necessary to evaluate t 

of an undercarriage and to predetermine stresses 
the airframe will be subjected through normal use 
undercarriage. These factors are related mathemati 


a fairly simple manner. It is difficult, however, to 
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a Fig. | — Drop-test rig 
— left: fixture to which 
the undercarriage is at- 
tached is lifted and 
dropped; right: modern 
instruments measure 
what takes place dur- 
ing the fraction of sec- 
ond of drop 





clear mental picture of each and its relationship to other 
factors by observation of the formulas. The graph, Fig. 2, 
has proved very useful in taking off values from drop-test 
data most useful in evaluating the test results. 

In Fig. 2 the dynamic load factors are expressed in g 
units, hence, it is only necessary to multiply by the static 
weight to secure instantaneous loads. These values are 
plotted as a family of diagonal lines with vertical coordi- 
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m Types of Energy Absorbers 


In former years the undercarriage was mostly tailored 
fit each individual plane, with the result that undercarriag 
types were nearly as numerous as aircraft. Today maj 
usage is confined to the types enumerated in Table 1. New 


m Fig. 2 — |mportant 
physical factors for 


evaluation of unde 


ccrriage perf 


once 


SAE Journal (Transactions), Vol. 


nate as drop-test height and horizontal coordinate as t 

displacement of the tire and energy absorbing unit. Fo; 
mulas to enable separate computations are appende 
Values of velocity and time of free fall parallel the free-fa 
coordinate. Thus, the numerical value of the various f: 
tors for any specific undercarriage may be convenient 
obtained from the graph. The interrelation of such va 

becomes apparent by following along the desire 
or displacement coordinate. 
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Table 1 — Undercarriage Energy-Absorbing Unit Types and Characteristics * 


Types 





Characteristics Air-Oil 


Spring-Oil 
ae i! ~ an spring 
|mpact-load absorber 
Construct 
Packing glands , 

namic contro 
Teretonal wheel positioning 
Precision machining 
Weight-estimated, average 


Oil 
Telescoping tubes 
Yes 


Telescoping tubes 
Leakage seal 
Metering pin or orifice or valve Orifice or valve 
Torque arms Torque arms 
Required Required 

Good Fair 


Rubber Rubber-Oll Alr 
Rubber spring 
Rubber 
Linkage Linkage 

No Leakage seal 

None Orifice or vaive 
Linkage Linkage 

Nore Required In part only 
Good Gocd to excellent 


— spring Air bellows 
il 


r 
Telescoping Tubes or linkage 
No 


Orifice and valve 
Torque arms or linkage 
None 

Excellent 


« Most common usage stated. Other combinations have been used, such as air-oll, with linkage and rubber, with telescoping tubes, and alr (spring) with oll. 





combinations along these lines offer most promise for 
simple, light weight, low-cost products. Therefore, it is of 
interest to examine the characteristics of each type. 

Best taxiing performance has been secured by providing 
s separate elastic support to carry the weight of the aircraft. 
Air is ideal, with rubber a close second. Metallic springs? 
are comparatively heavy and not well adapted to the larger 
undercarriages. Fig. 3 illustrates a new type, small and 
large nose gear using rubber springs to support the aircraft 
weight. A very large rubber spring main gear is shown in 
Fig. 4. 

Oil, both petroleum and vegetable, has been largely used 
to dissipate as heat, the large energy of landing impact. 
The method® in use for some years consists of a piston 
arranged to force oil through an orifice at high pressures. 
The orifice may be variable with displacement, as with a 
metering pin, or may be otherwise controlled by pressure 
or flow 

Oil is nearly ideal as an energy-absorbing medium. The 
outstanding disadvantage is the necessity of confining at 
yressure without leakage within an enclosure capable 
of changing dimensions by the amount of the gear stroke. 


1 
urnal 


of the Aeronautical Sciences, Vol. 10, February. 1943, 
Space Limitations and Optimum Conditions in Aircraft 


gn,” by R. H. Carter. 

reraft Engineersng, Vol. 15, February, 
f Shock-Absorber Design,” by F. E. Burger. 
SAE Transactions, Vol. 38, April, 1936, pp. 
I rrow’s Ride,”” by Roy W. Brown 


1943, pp. 51-54 


126-132: “Air 


a Fig. 3 — Ex- 
amples of re- 
cently design- 
ed, small and 
large rubber- 
oil types of 
nose-geaor un- 
dercarriages 





The air spring developed several years ago® provides a 
means of sealing the space between telescoping tubes with- 
out leakage and without appreciable friction, both of which 
have constituted service design and service problems for 
oil-absorption units. Typical air spring undercarriage 
assemblies are illustrated in Fig. 5. This arrangement has 
permitted the use of a compressible medium — air —as an 
absorbing element approximating the absorption perform- 
ance characteristics of oil. In other arrangements rubber 
or rubber in combination with oil has also eliminated the 
need for high-pressure packing glands required for the 
air-gil type. 

For space limitation reasons it is desirable to have the 
stroke of the gear as short as possible. For absorption 
reasons it is desirable to have appreciable longer stroke. 
The best compromise can be secured by so arranging the 
dynamic control of the absorbing unit as to limit peak 
instantaneous loads and maintain a uniformly high load 
factor throughout the major portion of the gear stroke. If 
oil is used as an absorbing medium, a simple orifice is 
feasible. Improvement on the simple orifice can be made 
by the addition of an arrangement which varies the orifice 
area with displacement, pressure, or flow. The rubber-oil 
combination has a specific advantage in that the maximum 
forces developed by oil passing through an orifice occur at 
the highest velocity of impact, which occurs during the 
first part of the gear stroke. Rubber springs tend to build 
up load as displacement increases, thereby building up a 
peak at the end of the gear stroke. These two peaks, as 
shown in Fig. 6, tend to level off the average curve. This 
enables the use of a gear with less stroke than would be 
required for either oil or rubber. 

For structural simplicity, it is generally desirable to use 
an axle spindle offset from the centerline of the gear. 
Braking and other unbalanced forces thus develop a tor- 
sional moment which must be stabilized by some mech- 
anism. The mechanism must also provide for the stroke 
of the gear. This has been accomplished by means of a 
two-unit torque-arm linkage usually referred to as “scis- 
sors” or “nut crackers.” The construction involves a num- 
ber of highly loaded joints which are difficult to lubricate, 
hence, are prolific source of service troubles. Another 
linkage has been used extensively for tail wheels and in 
England for main gears. It consists of a single lever arm 
pivoted to the upright member of the gear at one end and 
to the wheel at the opposite end. The energy-absorbing 
unit is attached between these pivots. This arrangement 
has the advantage of minimizing the number of moving 
joints and the disadvantage of requiring a structure which 
will carry considerable load. A design will be described 
later which uses modern production processes to overcome 


the disadvantage of increased structural loads. Thus, a 











simple, trouble-free design is proposed for the nontechnical 
post-war aircraft operator. 

Many additional types with extremely diversified char- 
acteristics have been used on one aircraft or another. At 
the present time, the most promising forward picture 
appears to lie in the optimum combination of the types 
with characteristics as described. 

The rapid development of helicopters has recently intro- 
duced a new type of undercarriage. This type is of in- 
terest in that it is truly amphibious; that is, the floats which 
absorb alighting energy and support the rotating-wing 
aircraft structure on the water also serve as the impact 
absorption device when landings are made on decks or 
hard ground surfaces. A unit of this type is illustrated in 
Fig. 7, and is unique in that internal stabilizing devices 


are incorporated to increase stability when landing on hard 
surfaces. 


m Air As an Absorption Medium 


The object of the impact-absorbing device used on any 
undercarriage is to dissipate or store the energy of the 
landing impact. With oil this energy is dissipated as heat. 
A way has now been found to accomplish an equivalent 





a Fig. 6 (right) —Typical load- 
deflection characteristics for oil 
absorber and rubber spring es 
Note desirable combination > 
effect and improvement possible 





a Fig. 4— Large rub- 
ber-oil type of main- 
gear undercarriage 

This unique ° new 
type established new 
precedents for at. 
tachment, size, and 

light weight 


purpose with a compressible medium such as air. The 
“air spring” developed for vehicle suspensions® is utilized 
as a flexible leakless compressible unit to seal the junctiog 
of two telescoping tubes functioning as an alighting gear 
structure. 

Absorption is accomplished in the typical air spring 
undercarriages, shown in Fig. 5, by means of segregating 
the space enclosed by telescopic tubes into three compart 
ments. The first compartment is represented by the clear 
ance between tubes, including the clearance within the air 
spring bellows convolutions. The second compartment i: 
the space represented by the clearance between the lower 
end of the tubes. The third space is a reservoir within the 
inner tube. Absorption occurs through orifice effect of 
flow of air from the bellows clearance to the reservoir 
Additional absorption occurs by compression of the air 
between the ends of the tube. Recoil, incident to 
compression, is eliminated by a friction operated valve 
which releases the stored energy represented by pressure 
and temperature of the compressed air to the reservoir as 
soon as reversal of motion occurs. The action which takes 
place may be visualized as a means of storing energy 
through the compression of air as long as the landing air 
craft, after ground contact, continues its downward move 
ment. Recoil is prevented by releasing this stored energ} 
to the reservoir as soon as upward movement of the aircraft 
becomes appreciable. 


Additional absorption occurs from friction material bus! 
: : ws ; 1 Th. 
ings which position and guide the telescoping tubes. 1h 
variable-rate characteristics of the air spring bellows 1s 


a Fig. 5 (left) — Air spring main- 
gear undercarriages for 3000 — 
and 7000-lb. aircraft 

Note the use of high tensile 
fabricated steel brackets instead 
of light-alloy castings for at- 

tachment to the wing spar. 
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A single structure provides for the alighting function 
f the helicopter on both land and water 


in providing maximum absorption in the 
1 position. The latter enables appreciably im 
xiing properties. 
1g a compressible medium, it js impossible to 
ipid shock loads of the type occasionally encoun 
with relatively noncompressible liquids. This char 
provides an extremely smooth performance while 
er rough landing fields. A study of service 
ndicates that for commercial aircraft usage excel 
taxiing characteristics are a paying investment. It is 
| that future specifications will cover improved 
performance better to provide for the longer, 


speed landing and take-off runs. 


# Rubber Springs Merit Extensive Application 


in the form of shock cord was used extensively 
arly days of aircraft. It is used today for light 
nd, in the form of compression discs, is being 
illy used for trainers and light bombers.!° 
tions have restricted the application of shock cord 
lighter aircraft. Such limitations are not imposed 


ber in compression. Sizes of the new rubber 


n discs suitable for loads of 130,000 |b are in 
| larger sizes can be constructed when required. 
vulcanization process limits thickness to about 
for best results. The deflection under load must 
limited to avoid excessive permanent set and early 
ition to about 50% of the initial height. These 
litions dictate a stack of rubber discs. 
tunately, a stack of the length required is not stable 
axis of compression and therefore must be posi 
ided. Rubber being noncompressible, space pro 
flow under compression must be provided. A 
vhich has successfully accomplished these require 
a commercial manner is illustrated in Fig. 8 
vulcanized to a conical metallic disc in the form 
lar rings. The inner edges of the rings, mating 
central metal guide tube, are faced with a special 
tly lubricated fabric facing known as friction 
lhe friction material provides appreciable energy 
under compression and aligns the discs irr 
of height of stack in a very acceptable manner. 
leflection curve for such a stack of rubber discs 
to the right of the illustration (Fig. 8). The 


4 tan . . i af 
utomotive and Aviation Industries, Vol. 89, Aug. 15, 
squito Legs Equipped with Rubber Pack to Absorb Sh 


plane, Vol. 65, Sept. 24, 1943, p. 354 **Messerschr 


energy dissipated in the rubber is represented by the typical 
hysteresis loop 4A. The desirable effect of the friction 
material is represented by the difference between the 
dynamic load-deflection curves B and C incident to 8- and 
19-in. free-fall drops and the static curve A. While the 
energy dissipation of the rubber disc spring assembly is not 
equivalent to that commonly provided with oil absorption 
units, it is, however, very appreciably more than has here 
tofore been obtained with any of the rubber combinations 
which have given commercially acceptable results. Advan 
tages in combination with oil have been previously men 
tioned. It is now apparent, especially for applications 
requiring unusual structural arrangements, that rubber 
springs have characteristics meriting most serious con 
sideration. 

Two examples of a telescoping-tube type gear using 
rubber springs are shown in Fig. 3. A further example of 
a large special application gear, using rubber springs, 1s 
shown in Fig. 4. The latter is of special interest in that the 
weight of the undercarriage was the lightest known to be 
used on this size of aircraft to date. 


= Multiple Wheels for Large Planes 


To date, several large planes have used dual- or tandem 
wheel mountings in the undercarriage. Some few early 
models used various other combinations of wheels. An 
exact comparison with some recent large-size experimental 
planes using very large single wheels is difficult due to the 
difference in design and operating conditions. A tentative 
study undertaken some years ago indicates that the limited 
usage to date has not exhausted the possibilities of securing 
better undercarriage performance through the use of the 
optimum arrangement of multiple wheels and suspensions 

Dual tires of a smaller diameter offer interesting possi 
bilities in combination with new arrangements of landing 
gear, wheel, and brake. It has been suggested that dual 
wheels mounted on a single axle, the center portion of 
which engages a dual disc brake and the outer edges of the 
brake discs engaging a fluted circular member constructed 
as the end piece of the alighting gear offers promise for 
light weight, simplicity and low cost. This dual arrange 
ment permits spacing the wheels as close together as would 
be the case with wheel brakes. This point is important 
when considering one wheel and side drift landings 

The described dual wheel arrangement appears quite 
promising for what is considered to be a large plane today, 
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m Fig. 8-A stack of rubber discs is used in compression to 
provide a new elastic load-carrying unit suitable for application 
to aircraft undercarriages 
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Fig. 9 — Suggested multiple- 
wheel undercarriage for very large 
aircraft 


the fuselage is occupied by the undercarriag. 
when retracted. This space is probably neces 
sary for floor beams which can extend through 
from side to side between adjacent gear units 











Each set of four wheels on the eight-whee! 
unit is attached to an arm which is pivoted 
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say 120,000 lb gross weight. For still larger planes, pos- 
sibly up to 300,000 lb, the desirability of still further 
distributing the landing load is quite apparent to the 
structures designer. Hence, it becomes desirable to con- 
sider more complex multiple-wheel undercarriage units. 

With center- or high-wing arrangements the lower 
underneath portions of the fuselage become the optimum 
location for attachment of the undercarriage. An argu- 
ment in favor of such location is to the effect that the 
payload in a conventional design of aircraft is also located 
in the fuselage; therefore, why not put the undercarriage 
in the shortest possible line between the maximum load 
and the ground? It, of course, is appreciated that the 
aircraft designer has very good reason for using wing 
attachments. 

A suggested multiple-wheel arrangement, combining the 
function of the main and auxiliary gear, is illustrated in 
Fig. 9. The arrangement consists of a number of inter- 
changeable eight-wheel, articulated undercarriage units. 
These units are arranged along the underside of the fuse- 
lage and have universal movement so that they can be 
distributed to function as both main and auxiliary gears. 

Each unit is aligned fore and aft and laterally, with a 
similar unit on the opposite side. Retraction is provided 
for all units by rotation of the gear about an axial mount 
at the point of attachment. Since the tires are compara- 
tively small in diameter, only a relatively small amount of 
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at the center to either side of the absorption 
element of the alighting gear. Swivel action 
can be included when desired by providing 
for rotation about a vertical axis at the lowe; 
end of the gear, so arranged that the center 
of the eight wheels will trail the vertical 
A suitable absorption element of any of the ney 
types described above or of conventional type is applicable 
to all of the undercarriage units. 





pivot. 


This visionary thinking is, of course, subject to many 
detail limitations. It is believed that the trend will unques. 
tionably be in this direction if land planes of very large size 
are to compete with sea planes. In 1943 the public pres 
carried numerous articles concerning a large German trans 
port plane. A description’ indicates 10 wheels were used, 
arranged in rows of five at the lower outer edges of the 
fuselage. Irrespective of the ultimate utility of this aircraft, 
it is apparent that the undercarriage was especially adapted 
to landing heavy, concentrated fuselage loads on very rough 
landing strips. In fact, it is reported that many of these 
aircraft were operated into and out of fields without any 
previous surface preparation. This experience would seem 
to bear out the thought that extensive investigation of the 
multiple-wheel principles discussed is fully justified in co: 
sidering the layout for the extremely large planes which 
the public apparently anticipates for tomorrow’s aeria 
transportation. 








m= New Materials and Processes 


A need exists for a flexible, permanently lubricated mate 
rial suitable for guide bushings to position alighting gear 
parts where only occasional motion is required. Suct 
material has been developed. It consists of vulcanizing 
specially prepared fabric to rubber and impregnating the 
fabric after vulcanization with a thixotropic wax.. Sever 
years’ service has proved this new friction material we! 
adapted to use on polished, unmachined surfaces. It has @ 
coefficient of friction when motion is initiated of a 
mately 0.16. The coefficient increases to 0.52 at velocities 
of some 30 in. per sec and remains constant thereaiter 
The combination is very effective in minimizing vibration 
and provides a sense of feel when used in control devi 
such as aileron bushings. 


nnro% 
pps 


ec 


Experiment during the past several years has 
tiated the soundness of a new technique to produce 
in heat-treated steels having physical properties 
mating those of the parent heat-treated metal. Briefly, th¢ 
process consists of depositing welding metal of equival 
chemistry to that of the parent metal. Preheat anc 
cooling are provided in a precision manner by carrying out 
the welding within the confines of a controlled temperatut 


SAE Journal (Transactions), Vol. 53, | 





new technique enables the fabrication of 
| brackets for the attachment of the under- 
e ship structure which are appreciably 
nuch lighter than the lightest nonferrous 


ve knowledge of the use of rubber in com- 
improved precision rubber molding tech- 
ocesses for adhesion to heat-treated steels 
nanufacture of the air springs and rubber 
ed above. While rubber molding is an old 
velieved that the new technique will enable 
logical use of rubber in aircraft, particularly 
arrying structures. 

t extensive usage of precision-molded phenolic 
raft hydraulic accessory parts has suggested 
in the undercarriage absorption units. Like- 

id evolution of oil-resistant synthetic rubber 

with improved physical characteristics and 
elasticity at low temperatures provides the 

ge designer with better ways and means of 
lishing design objectives. 


a New Combinations 


learned in the course of the described develop- 

ate an improved layout can be made with a 
t of better meeting the requirements of the per- 
| post-war production aircraft. 


considerations dictate limitations which must 

| with if the proposed future aircraft under- 

s to be successful from a production point of 

r example, the type of gear must be adaptable to 
ibly arranged to permit use of a number of 

nt attachments suitable for different aircraft by selec- 
lifferent subassemblies. Otherwise, production may 
ted to such an extent that minimum cost, high- 
n processes cannot be utilized. Performance must 
highest character and, in addition, servicing must 

1 to the minimum, and that minimum of a 


ration of the above and study of the multiplicity 
id characteristics of undercarriages developed to 
a most promising new combination of design 

w possible. A sketch of the proposed design of 
riage suitable for planes weighing from 1000 to 
hown in Fig. 10. It will be noted that a vertical 

1 to carry at its upper end the desired attach- 

g. The absorbing unit fits into the lower end 
\ bracket also attached to the lower end of 

ids laterally and serves as a pivot for a fabri- 
nsion beam linkage to which the wheel and 

1 at the opposite end. The absorption mem- 
d to the suspension beam about a quarter of 
tween the wheel center and the pivot at the 
1. This type of construction torque arms is 
reOL 


is for tail-gear and nose-gear usage. The 
nciple has been used here and abroad for nose 
and in England and France for main gear. 
lesign of the wheel suspension beam has solved 


| and production problems previously encoun- 
of a new and unique absorption element 


standing performance, extreme simplicity, and 
‘- oe 
1 low cost. Thus, this particular structural 


eC 
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type of undercarriage was selected as best meeting known 
conditions. 

The absorption element combines the advantages of the 
air spring, the rubber spring, friction material, and oil 
absorption. It consists of but few pieces all of which are 
bonded together into a single unit. The unit is readily 
replaceable, thus enabling the installation of a particular 
unit with characteristics adapted to the weight of the air 
craft upon which it is to be installed. 

The new absorption element consists of a full molded 
hollow rubber cylinder, the side walls of which are de 
signed as a rubber spring. Oil is contained within this 
leakless, packingless cylinder, and optimum absorption is 
accomplished by a controlled orifice which regulates flow 
into an integral reservoir. The desirable characteristics of 
such combination are shown graphically in Fig. 6. 

The new undercarriage provides the low-wing, light 
weight aircraft designed with an extremely short-length 
alighting gear unit. This is of importance when the under 
carriage attachment is close to the ground. It is also a 
design advantage for small amphibious aircraft. 

Aircraft undercarriage requirements with representative 
types and characteristics have been discussed within the 
limits of available space. A number of new types of under 
carriage have been described. Some new materials and 
processes, and a proposed undercarriage design resulting 
therefrom indicate that the post-war aircraft designer will 
have new tools to work with in the post-war period which 
should be helpful in the realization of personalized air 
transportation. Whether or not aerial transportation of the 
future attains the popularity of automotive ground trans 
portation cannot now be foretold. Certainly the aircraft 
industry can utilize all developments tending to simplify 
structure, operation, and service. 

Research and development of the type described results 
largely from coordinated effort. The Society of Automo 
tive Engineers, through its research committees, has pro 
vided many fundamentals which, in turn, enabled the 
development of instruments necessary for .the intelligent 
determination of the many factors entering into the prob 
lem. Excellent laboratory facilities and the services of a 
staff of skilled technicians merit acknowledgment as each 
contributed much to this aircraft undercarriage research. 


DISCUSSION 


Suggests Limitations to Consider 
In Design of Multiple Wheels 


—f. V. JOHNSON 


Bendix Products Division 


HIS paper rightly phasi t mplexity of problems of the 
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structural weight. While the 1 
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problem of weight saving in these 
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BR’ following the few basic and well-established 
standards and practices to be considered in 
bevel-gear design presented here, the author 
states that the design, manufacture, and use of 
bevel gears can be easily carried out. 


The design of bevel gears for aircraft engines 
is not easy, for it is necessary to take into ac- 
count many conditions that make proper gear 
operation difficult, such as improper lubrication, 
mating parts that are seldom mounted in the 
same housing, and the wide range of operating 
temperatures, coupled with plain bearings used 
throughout, which cause a wide range of center 
distances. 


These conditions are now all taken into ac- 
count when the gears are designed and made, 
the author says, consequently, the service prob- 
lem on bevel gears has been practically elim- 
inated. 











HE successful manutacture of bevel gears is a process 

of long standing. In the automotive field millions of 
rear axles were made every year in peacetime. The gears 
used in these axles had to be of low cost but of high qual- 
ity because they were required to transmit silently the full 
power of the car. The fact that very little trouble has 
been experienced with gears in this application for the last 
several years proves the success of the engineering and 
manufacturing techniques. 

Nith the development and improvement in aircraft, 
the demand for bevel gears to meet many special require- 
ments has increased considerably. In power-operated con- 
trol drives for retractable landing gears, bomb-bay doors, 
rudders, ailerons, and so on, bevel gears in connection with 
hydraulic or electric motors have provided a logical system 
of supplying power to any location in the airplane. Bevel 
gears often permit locating accessories more conveniently 
and compactly around the aircraft engine. They maintain 
the proper relationship of all blades in variable-pitch pro- 
pellers and provide a means of reversing shafts for dual- 
rotation propellers. On our fighting ships, bevel gears are 
used in the gun turrets, bombsights, automatic pilots, and 
soon. The main reduction in both airplanes and helicop- 
ters, and arrangements where the engine is located in the 
fuselage with a drive to propellers in the wings are only 
a few of the applications of bevel gears in aircraft. 

Following are a few sketches to illustrate some of these 
applications: 

Fig. 1 shows a typical arrangement for an aircraft con 
trol system. 


Fig. 2 shows a drive system for accessories of an aircraft 
engine. 





THE AUTHOR: L. J. O'BRIEN has been connected with 
various phases of gear engineering at Gleason Works since 
1935. A graduate of Clarkson College of Technology, Mr. 
O’Brien has been in charge of aircraft gear production for 
the past four years. 





[This paper was presented at the SAE National Aeronautic Meeting, 
Los Angeles, Oct. 5, 1944.] 
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AIRCRATBE 


Fig. 3 shows an arrangement combining, first, a 1 
tion, second, the reverse unit, and, third, the variable-pird, 
dual-rotation propellers. It illustrates the applicatiog ¢ 
bevel gears in the main drive system. 

Fig. 4 shows a drive system of the two-rotor helicop: 
or a single-engine, two-propeller airplane. 

Two types of curvic face splines are shown in Fig, : 
While strictly speaking these are not bevel gears, the cur; 
spline is a recent development which is an outgrow! 
curved-tooth, bevel-gear cutting. These splines are us 
in fixed couplings, semi-universal couplings, overlos 
clutches, and engaging-type clutches. These splines art 
cut and ground on standard bevel-gear cutting and grind 
ing equipment using standard cutters and grinding wheek 
The teeth are curved and the amount of tooth contact cay 
be controlled. Pressure angles from 0 to 30 deg are usd 
depending on the application. The accuracy obtained 
grinding these splines is such that alignment of parts ma 
be maintained to very close tolerances. One of the 
radial engines now in production has a built-up crankshat 
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EVEL GEARS 


by L. J. O'BRIEN 
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upled by ground curvic splines. Recently a 
rankshaft for a small auxiliary engine was 
from completely interchangeable parts. The 
rankcheek, and main-bearing members were 
individually finished to final size. Curvic 
were then ground from the solid in each part 
il operation. In this application a new crankpin 
member could be inserted without removing the 
ym the engine. 
| the possibilities of this type of spline have not 
developed. To date, in all applications which 
inded extreme accuracy and maximum load 
use of these splines has been very 
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m Fig. 2—Drive system for accessories of an aircraft engine 
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satisfactory, and we expect that this method of coupling 


will soon become an accepted standard 


m Kinds of Bevel Gears 


Bevel gears differ in respect to the type of teeth used 


The straight bevel gear, Fig. 6, has teeth which are straight 


















MOTOR 











a Fig. 4—Drive system for two- 
rotor helicopter or single-en- 
gine, two-propeller airplane 





and which, if extended inward, would intersect the axis. 
This is the oldest and most familiar form of bevel gear. 
Fig. 7 illustrates the zerol gear, which has been exten- 
sively used in aircraft to overcome some of the limitations 
of the straight bevel. You will note that this type of gear 
has a curved tooth. Curved teeth are cut with face-mill 
cutters having multiple blades and can be ground, whereas 
machines for grinding straight teeth in bevel gears are not 
available. The curved tooth always has the advantage that 
the length of tooth bearing can be controlled by varying 
cutter radii so as to allow for different deflections of the 
gears under different loads. The zerol gear has the same 
thrust and tooth action as a straight bevel and may be used 
in the same mountings. However, all front and rear hub 
projections above the root line must be eliminated, as illus- 
in Fig. 
tooth gears. 
Spiral bevel gears, as shown in Fig. 9, have curved, 
oblique teeth in which contact begins gradually and con- 
tinues smoothly from end to end, and, consequently, are 
used for transmitting heavy loads at high speeds, especially 
where smoothness and quietness are required. Spiral bevels 
properly designed will have at least two teeth in contact 
at all times and, for this reason, will transmit as much as 
30% more power than the corresponding straight or zerol 
bevels. The direction of endwise thrust in spiral teeth may 
vary with the direction of rotation. This has led to a 
misconception that spiral bevels are good for one direction 
of rotation only. Your automobile with a spiral bevel 


trated 8, to provide cutter clearance in curved- 


as Fig. 5 Curvic 
face splines 








a Fig. 
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Fig. 6 — Straight 
bevel gear set 

















7 Zerol 


set 


bevel gear 


rear axle, however, will run equally well in either 
tion. The only requirement of a spiral bevel gear 
reversible operation is that the members be held equa 
well against thrust in both directions. No distinct 
made between the efficiency of straight and 5; 
gears. Accurately manufactured gears of this type, | 
adjusted in the mountings, are customarily rate: 
efficiency. 

The hypoid gear and pinion shown in Fig. 1 
in general to spiral bevel gears except that the | 
is offset from the gear axis. The gear and pin 
of the hypoid pair may continue past each other 
compact, multiple-drive arrangements. 


a Grinding 


In discussing curved-tooth bevel gears for ai 
advantages of grinding cannot be over-emphasiz« 
and reports from actual service have shown that 


formity of the teeth together with the smooth fil 
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a Fig. 8—Clearance required for curved-tooth cutting 
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will permit longer operation under heavier loads 
with ground bevel gears. The increased accuracy due to 
removal of hardening distortion by grinding has permitted 
operation at speeds greater than heretofore considered prac- 
ticable. 

In many aircraft applications, particularly in the engine, 
grinding the bevel-gear teeth has solved many production 

Aircraft gears must be as light as 
possible; therefore, the section of the gear will often vary 
considerably from the light hub or web to the heavier sec- 
tion necessary to support the gear teeth. Because of wear 
due to constant vibration, these gears must be case-hard- 
ened and, with their nonuniform sections, considerable dis- 
tortion is encountered. Although distortion may be re- 
duced by quenching these parts in a quenching press, it 
is still desirable to grind the teeth to obtain completely 
interchangeable parts of the quality required. In addition, 
corrective operations, such as lapping, may be eliminated. 

The grinding of bevel gears is now accomplished in fully 
automatic machines. The sequence of grinding opera- 
tons, including the dressing of the grinding wheel, is 


1 
automaticall 


matically carried out. 


obtained 


and service problems. 


® Design 


7" ;, 
The first step in the design of gears for a particular 


ication is to study all of the conditions under which 

lrive must operate. 

he type of gear to be used should be based on a con 
of speed, power, type of mounting, and require- 

f operation. Where conditions are such that either 

ht bevel or zerol could be used, it is desirable to 
lesign such that zerols can be incorporated with 
re. There have been several instances recently 


1 


Teraty 


Maximum Design Loads in Pounds per Inch of Face 
Based on surface durability, case-hardened ground tooth 
spiral bevel gears for aircraft applications) 


Table } 


Diametral Pitch 
3 4 5 6 8 10 
2450 2120 1900 1730 1500 1340 
2740 2370 212¢ 1935 1675 1500 
3085 2670 2390 2180 1890 1690 
3465 3000 2685 2450 2120 1900 


Mountings and lubrications must be in accordance with best practice in order 
the above loads satisfactorily 


m Fig. 9 (right) - 
Spiral bevel gear 
set 


where production problems could have been simplified by 
incorporating ground zerols in place of straight bevels. 
However, major changes in the original design would have 
been required to remove hub projections which prevented 
the cutting of zerol teeth. 

Spiral bevels are strongly recommended where pitch-line 
peripheral speeds exceed 1000 fpm. In many applications, 
spiral bevels may be used to advantage at lower speeds be 
It is also well 
to remember that spiral bevels will, in most cases, provide 
a lighter overall construction due to their greater load 
carrying capacity. 


cause of greater smoothness and quietness. 


m Determination of Gear Size 


Practice for the last few years in aircraft work has been 
first to select an initial gear size on the basis of the surface 
durability in pounds per inch of face. The maximum al 
lowable load values for surface durability of ground, spiral 
bevel gears as used in aircraft are shown in Table 1. For 
zerol gears, the allowable loads are taken as one-half those 
for spiral bevels. 

Experience shows that the effect of the rigidity of the 
mounting and lubrication cannot be too highly empha 
sized. The loads in Table 1 cannot be carried satisfac- 
torily unless proper mountings and lubrication are pro 
vided. 


Because of the importance of proper mounting 


and lubrication, we find it advisable to base the loads with 


a Fig. 10 (right) 
— Hypoid gear set 





respect to surface wear on mounting conditions, rather 
than on an estimate of theoretical surface pressure. 

For good design, the face width should not exceed 0.3 
of the cone distance for spiral bevels or 0.25 of the cone 
distance for zerols. No installation can be made absolutely 
free from deflections, and should these deflections be of a 
nature to concentrate the load at the small ends of the 
teeth, the entire load will be carried at this weakest point. 
Accordingly, failure will be more likely to occur on a gear 
with a longer face width than on one with a shorter face 
width and correspondingly coarser pitch at the small ends. 


m Use of Chart 


Taking the gear ratio desired and the approximate gear 
size determined as above, a tentative diametral pitch can 
be selected from the chart shown in Fig. 11. It is of no 
importance in bevel gears to select an even or standard 
number for diametral pitch because, with the method of 
cutting used, given tools or cutters are not narrowly re- 
stricted to certain pitches. For instance, the same cutter 
may be used satisfactorily for either 4 DP or 4.17 DP. 


6 8 
DIAMETRAL PITCH 


a Fig. |! —Relationship of diametral pitch of spiral bevel gears operating at 


90-deg shaft angle 
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GEAR 





PINION 


a Fig. 12— Position of worst condition of loading on one pinix 


Having determined the approximate gear combinati 
the next step is to check for tooth strength and fatigue lig 
To obtain the stress in a bevel-gear tooth we have for 
number of years used a modification of the familiar Lewy 


tooth 


Ti 


method. In the old Lewis method, the full load is ap; 
to the tip of the tooth. In the modification of this method 
the load is taken in the position when it is carried or 


PINION PITCH DIAMETER INCHES 


tooth. Thus, in Fig. 12, the pinion tooth; 
the left is just on the point of engagement x 
that the tooth at the right carries the 
load. This is the worst condition of loa 
on the pinion tooth, since further moven 
to the right brings another pair of teeth 
contact to share the load, while further m 
ment to the left brings the line of applicatior 
of the force nearer the base of the 
Similarly Fig. 13 shows the worst con 
of loading on the gear. 


If the tentative gear size does not 
the requirements for fatigue life and stave 
strength, a larger gear or coarser pitch 
bination will, of course, have to be used 

In 1931, the Research Laboratories D 
sion, General Motors Corp., published 
stress-cycle graph based on tests of a | 
number of rear-axle gears, with the 
estimated by the method described 
chart or graph has since furnished the | 
ground for predicting the life of a bevel 
set with reasonable accuracy. Numerou 
tests being made are providing sim 
for aircraft applications. An outlin 
ing the form of this chart is shown 

For a number of months the Gk 
Works in Rochester, N. ee has 
ducting extensive: tests on right-ang]! 
spiral bevel gears under contract to the At 
Air Forces. The machine constructe 
work is shown in Fig. 15. This ma 
designed to test load capacity and et 
of bevel gears ai speeds and loads 
tered in aircraft drives. Provisions 
for varying the load and speed ove 
range of values, and automatic 1 
and recording devices are incorpé 
that a complete record of operationa 
obtained for analysis. A wide range 
gear sizes and types can be tested in 0! 


that the effect of various design factors 
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PINION 






| 


Me Fig Position of worst condition of loading on one gear 
tooth 








erating conditions may be studied. The data 
a long range testing program on this ma 
add considerably to the field of bevel-gear 
and application. 








[he general arrangement of the machine consists of a 
arranged in the form of a square, making a 
losed mechanical torque system. Mounted at two corners 
pi the square are the test boxes containing the gears being 
bested. It possible to substitute a dummy box at one 
r, permitting the testing of a single box if desired. 
t the other two corners are gear boxes to complete the 























square. Between these two boxes is a bevel-gear mech- 
y by means of which the torque in the test system can 
be wound up and varied while running. The complete 
Bsystem is driven by an electric motor through one of two 
eb vel-gear box assemblies which, with slight adjustment of 
a motor speed, will drive the pinion of the test box at 
many speed between 2400 and 3600 rpm. Loads up to 4000 
Mhp at the speeds mentioned can be applied. The torque 





reaction of the pinion cage in the windup box is measured 
ial scale arrangement. Permanently connected 


+ 


ients record the torque, time, and date at regular 
predetermined intervals throughout a test. 
[ ure two separate oil systems, one for the machine 


d one for the test boxes. Lubrication is supplied 
ressure to metering plugs within the gear boxes, 





Oh a Spec 









@ which control the quantity of oil to the various gears and 
m ccarings. The quantity of oil flowing to each box is regu 





t 


iutomatically by valves controlled by the temperature 
leaving the box, the oil being used as a means of 
mcmoving heat from the gears and bearings as well as a 








perator has complete control of the machine and 








a Fig. 15—Machine for determining load-carrying characteristics 
of bevel gears 


auxiliary apparatus from the control panel. Test informa 
tion automatically recorded on charts or tapes consists of 
the following: oil inlet and outlet temperatures, gallons 
per minute of oil flowing to the test box, speed of pinion 
shaft, and torque load as recorded by the scale mechanism. 
Multiple-point potentiometers record the temperatures of 
various parts of the boxes under test. 

We have described the above machine in detail to give a 
better picture of how the various factors affecting gear life 
may be judged. In the near future, we hope to be able to 
publish design data based on the results of these tests, 
together with improved tabulated values of tooth-form 
factors for strength of bevel-gear teeth. 


a Design of Gears and Mountings 


It is worth saying again that the proper mounting and 
lubrication of bevel gears, in fact of all gears, cannot be 
overemphasized. All calculations for tooth loading are to 
no avail unless the parts are held in such relationship that 
the teeth have the contact intended. 

The tooth loads in spiral bevel and hypoid gears produce 
a thrust along their axes, the direction of which depends 
upon the hand of the spiral, the direction of rotation, and 
whether the gear is the driving or driven member. Bearing 
design must include proper provision to handle this thrust 

In spiral bevel and hypoid gears, the hand of the spiral 
is denoted by the direction in which the teeth curve, thus 


left-hand teeth incline away from the axis in a counter 
| 


clockwise direction when an obs« rver looks at tne 
the gear, and right-hand teeth incline 


ice Ol 
in a clockwise dire« 
tion. The hand of the spiral of one member of a pair 
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always opposite to that of its mate. It is customary to use 
the hand of the spiral of the pinion to identify the com- 
bination; that is, a left-hand combination is one with a 
left-hand spiral on the pinion and a right-hand spiral on 
the gear. The hand of the spiral has no effect on the 
smoothness, quietness, or efficiency of operation. Attention, 
however, is called to the difference in the effect of the 
thrust loads which are governed by the hand of the spiral 
and ratio. 

A left-hand spiral pinion driving clockwise (viewed 
from the back) tends to move away from the cone center, 
while a right-hand pinion tends to move toward the cone 
center because of the oblique direction of the curved teeth. 
The pressure angle and pitch angle, of course, also affect 
the thrust and may vary the resultant direction. Thrust 
loads may be calculated for all types of bevel gears with 





operating loads to a minimum. A study of the var ial 
loads on the gears will suggest locations for ribs to redyn 
local bending in the case and provide a lis a 
construction. 


The correct setting or adjustment of the gears at aseq 


ght but rig 





bly is important. Provision should be made so tha 4, * 
pinion can be set to correct mounting distance by mes a 
of a simple gage at assembly. After the pinion i 5 cud h ? 
positioned, the gear can then be adjusted to mesh with ty 


mate in the position which gives the desired amoun; i 
backlash. 

A study of the tolerances of the component parts of thy 
assembly should be made to determine their effect on 4 
mounting distances of the gear parts. Shims of sufficey 

thickness should then be provided in 








m Fig. 16—Typical bevel-gear mounting 


the formulas shown in bearing and engineering handbooks. 
Often the mounting conditions will dictate the hand of the 
spiral. However, where possible, the hand of the spiral 
should be selected, so that the axial thrust will tend to 
move both gear and pinion out of mesh or, at least, tend 
to move the pinion member out of mesh. 

Gear shafts should be supported by bearings placed so 
as to provide the best support for the gear teeth. A typical 
right-angle gear box containing a pair of mitre gears is 
shown in Fig. 16. With the type of mounting as used on 
the driver in this box, the overhang of the gear should be 
held to a minimum, and it is a good rule to spread the 
bearings at least 2.5 times the overhang. Note that the 
thrust bearings of the straddle-mounted driven member are 
at the opposite side of the gear box from the gear. It is 
better to place the thrust bearings near the gear to elimi- 
nate the effect of housing expansion. 


sign to permit adjustment of the 
their correct position. 


gears | 





A means of inspecting the gears in mesh 
desirable both from an assembly standpoix 
and tor periodic check. An inspection hel 
and cover should be arranged so that th 
contact pattern can be observed on the tet 
of both members of the gear set. 
Problems in machining, gear cutting 

spection, and assembling can often be simpi 
fied by the proper design of the gear bans 
It is desirable to locate the gears in manuf 
turing operations on the same surfaces froz 
which they will be mounted in assemb) 
Care should be taken, therefore, that th 
mounting surfaces are of generous prop 
tions and placed where they can be used for sa 
locating in cutting the teeth, and s0 o a 
Spline-bored gears require a cylindrical cer 
tering fit to ensure maintenance of conct! &€ 
tricity of the splines with the gear teeth. 0s 
gears in which the splines must be hardened 





it is recommended practice to take this S 
the minor diameter of the splines, the n tq 
diameter to have clearance. Another met! 4 
is to provide a suitable length of cylindrica 7 


fit at both ends of the splines and to use tht 
splines only for driving, as illustrated by th ; 
driven member in Fig. 16. Since heat disto: , 
tion may introduce both twist and out 
round conditions in the splines, which cat 
be corrected, it is important that the splines be of no greatt 
length than is actually required for load transmission 
A sufficient amount of metal should be provided unc! 
the gear teeth to give proper support. The general rules 
that the rim thickness under the teeth should not be !¢s 
than the whole depth of the tooth at the ends of the tect 
as well as at the middle. 


= le 


m= Lubrication 


Splash lubrication is generally satisfactory for periphe 
speeds up to 2000 fpm. For higher speeds, sore speci# 
provision should be made for directing or forcing oil 10% 
the mesh point. 


m Drawings 


The type and scope of gear drawings will vary with * 
procedure followed in a particular plant. A gear-specin@ 
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TREATMENT 


PRELIMINARY HEAT TREATMENT SPEC 


PRELIMINARY HARDNESS 
HEAT TREATMENT SPEC 


tact W 


hose which are established 


containing all the dimensions which define 


by the relation of 


other parts is usually required. These dimen- 


’ 
tne 
ith the mating gear. 


j 


hat 
nouk 


1 be g1V en. 


gear tooth specifications for proper oper- 


Specifications of 


nd heat-treatment, and notes for inspection 
A sample drawing illustrating 
ry information as outlined above is shown in 


straight bevels and in Fig. 18 for spiral bevels. 
of information on these sample drawings is 
here both the gear and its mate are supplied by 


because the responsibili 
then lies with one maker. 
ire to be made in differen 


master gears should be provic 


uintain interchangeability. 


f the gear blank are defined 


ty for satisfactory 

If, however, the 
t shops, duplicate 
led each manufac- 


hat on the sample drawings shown in Figs. 17 and 


by a minimum of 


The only dimensions shown on the drawing 


others are in 






that the method 
ning definitely 
own point of 
mounting 
drawings 

ks show di 
elationship to 
ter of the gear, 
in the 
ng the blanks. 


is a theo 


10N 


heii a Fig. 18 
: — ™ fication 


no value to 


the manu 
lank. It is 
tor practical 


of the dimen 


blank should 


they can be 


the blank it 


e those actually required for the machining of the 


-—Sample gear-speci- 
drawing for aircraft 


spiral and zerol bevel gears 


DEPTH OF CASE 
CASE HARDNESS 
CORE HARDNESS 


HEAT TREAT A TEST PIECE 


NOTES ON MACHINING 


l. ALL SURFACES MUST BE 
AND SCRATCHES. 


Tee 4 


UNLESS’ OTHERWISE 
BREAK ALL SHARP 
ROUND ALL TOOTH 
ROUND ALL KEYWAY 
MAGNAFLUK INSPECT 


OPER ATION 
DRIVER OR DRIVEN 
DIRECTION OF ROTATION 
SPEED -R.PM 
MATING PART NO 
BACKLASH IN ASSEMBLY 


SPEC\FIED. 
> CORNERS 
4 EDGES K) 
he 

© IN 


m Tolerances 


Tolerances of shafts, gears, and the 
sistent and in accordance with the part 
of the job. 
tolerances are required for the various 
in manufacture and that the final resu 


LIMITS ON FINISH DIMENSIONS ARE 


AND SPUNE 


Amr A 
DAT 


ROM TOOL MARKS 


¥ O10" 


OW) RADIUS 


ATL I 
RAL AL ; 
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like should be con 
icular requirements 


It should also be remembered. that working 


operations involved 


Its cannot be better 





than these working tolerances. For example, a 0.001-in. 
tolerance on the bore may be combined with runout due to 
transfer of locating surfaces between operations or added 
to a series of tolerances used in each operation, and it 
would not be reasonable to expect 0.001-in. eccentricity of 
the pitch line in the final part. 

For the above reasons, it is desirable to hold all blank 
tolerances to as close limits as possible throughout various 
manufacturing operations. 


ws Materials 


Our experience in general has been that the best overall 
results are obtained with case-hardened gears. It is a recog- 
nized fact that the case-hardened section adds considerable 
strength to the gear tooth in addition to providing a very 
good wearing surface. 

In the last few years, many advancements have been 
made in hardening processes. For instance, roller-die 
attachments have been made to handle shank parts in 
quenching presses, heat-treating methods are better con- 
trolled.. The scope of this paper, however, does not permit 
going into detail on either materials or hardening methods. 


m Testing 


Proper service from a pair of gears can be obtained only 
when they are manufactured accurately and mounted in 
rigid and carefully machined gear boxes. In addition, it is 
essential that the gears be inspected to ensure that they 
run smoothly and quietly and that they conform to the 
specified manufacturing tolerances. For this purpose, test- 
ing machines are used in which these conditions are 
checked in a running test. These machines are provided 
with an axial adjustment for both gear and pinion, and 
usually an offset adjustment for raising or lowering the 
axis of one member vertically with respect to the other. 
With these adjustments, any position of the tooth bearing 
may be obtained. Runout is characterized by the tooth 
contact shifting back and forth endwise of the teeth around 
the gear and is easily observed in a running test. 

Bevel gears, when running in their mountings, are 
subject to axial displacement, lift, and angular displace- 
ment. Where the deflections of a gear housing are known, 
the testing machine may be set so that the best condition 
of tooth contact can be obtained under a combination of 
these displacements. For instance, in a propeller, the blade 
gears move out due to centrifugal loading, and the power 
gears move in due to an initial preload. The tooth contact 
is, therefore, checked on centers corresponding to these 
positions. At normal displacement under load, the tooth 
contact will usually shift toward the large ends. To com- 
pensate for this, the tooth contact under light load is gen- 
erally located slightly nearer the small ends of the teeth. 


Sample or master gears may be made with the original 
experimental gears and used to maintain interchangeability 
of all parts manufactured thereafter by duplication of the 
testing machine. 

The mounting distance should, of course, be held or 
measured so that the gears may be properly assembled in 
their own mountings. In setting the mounting distance in 
the testing machine, set-up gages, micrometers, or gage 
blocks are used. This provides a very accurate measure- 
ment of the center distances on which the gears will oper- 
ate properly. 





= Summation 


An attempt has been made here to cover in gener,| th 
main points to be considered in bevel-gear design. \, 
detailed information on bevel gear systems, tolerances, 
so on may be obtained from published literature x, 
standards of the Gleason Works and American (., 
Manufacturers Association. 

By following a few basic and well-established standz:, 
and practices the design, manufacture, and use of ky 
gears are easily carried out. 

Bevel gears cost no more than any other gear. Thi, 
borne out in that domestic washing machines, swig, 
machines, and farm machinery use generated cut bey 
gears and compete in a market where cost is of prin 
importance. The use of out-of-date machinery, makeshi 
tooling, and the like has proved to be false economy 
these cases, the percentage of scrap is high, quality is \oy 
and overall results are very unsatisfactory. 






The aircraft engine presents all the known barriers y 
proper gear operation. Lubrication is often questions 
because of the positions in which these engines ope 
mating parts are seldom mounted in the same ho 
and the wide range of operating temperatures, couple! 
with the plain bearings used throughout, cause a wid 
range of center distances. These conditions are now i 
taken into account when the gears are designed and mat 
consequently, the service problem on bevel gears has bee 
practically eliminated. This fact alone is proof that con 
plete satisfaction can be obtained with bevel gear 
merely incorporating good design and proper manufacu: 
ing methods. 








Aircraft Undercarriage 


continued from page 183 


ting these surfaces under more and more pressure as the stroke 
gresses. This type has been used successfully. 

On uth The on 

" = : forc tatened % 

specific advantage in that the maximum forces developed 
passing through an orifice occur at the highest velocity of impa 
This seems to me to be equally applicable to air-oil combinat 
the designer so desires. 


179 Ut vuthor tates rubpper 


Under the heading “Air as an Absorption Medium” is discus 
the air spring. Previous models of this unit seem to have been quit 
bulky as compared with more conventional shock absorbers. Furt 
information on this limitation would be of interest, as spa 
of great importance in aircraft. 


@ 


I believe Mr. Brown is quite right in emphasizing multiple wht 
for large aircraft. This is ample proof that the arrangement 
function satisfactorily on the ground over rough fields in the pt 
formance of military tanks. The big problem is in how t 
the requirement for impact landings of the emergency type 
though we know that the good pilot under normal cond 
not need protection for impact loads, the requirement s 
place in our specifications to provide for emergencies 
interesting to know how the large German transport wit 
wheels performed under emergency impact landings. Two tation! 
come to mind in considering multiple wheels. The first 5 
wheels must not be so small that they will not run through 
and over obstructions of ordinary size. The other is that a 
spacing must be provided to allow brake cooling. 

The author indicates that new techniques have prov! 
molded to metal disc combinations of improved perfor 
compression members. Previous tests of these types hav 
rather low dissipation characteristics. Quantitative data 
useful. The hollow rubber cylinders which seal a quantit 
shock-absorption purposes are new items which excite 


, 
It is hoped that mo 


o 
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Jevelopment of Heavy-Duty Oils 
for Military Vehicles 


by MAJOR W. B. BASSETT 


Office of the Chief of Ordnance 





HE U. S. Army now specifies a single type of 
heavy-duty oil for use in all ground force 
vehicles. 


To bring this oil, covered by U. S. Army Speci- 
fication 2-104B, to its present satisfactory state 
required extensive laboratory and road testing. 


A discussion of the difficulties that had been 
experienced with the old straight mineral oil 
when it was used in modern high-performance 
engines and the development work performed by 
the Ordnance Department in evolving the pres- 
ent heavy-duty oil specifications is presented 
here by Major Bassett. 


THE AUTHOR: MAJOR W. B. BASSETT (M °40), who 
vith Sinclair Refining Co. for 10 years before 
I in 1942, is assigned to the fuels and 
Technical Divison, Office of the Chief of 

ject officer on engine oil. During this 

nm on temporary duty with the Ordnance 

ng Ground and with the Ordnance winter de 
Camp Shilo. Major Bassett, a graduate from 
rsity in 1932, was, in his last civilian capacity, 
gineer at Sinclair’s Kansas City office. He was 
the SAE Kansas City Section for 194] 





understand more clearly the reasons for the 
y adopting the so-called heavy-duty engine oils, 
t 


to outline briefly commercial experiences 
of product prior to our active participation 


everal year period prior to Dec. 7, 1941, the 
t of gasoline engines was steadily increased 
rresponding increase in engine dimensions. 
n power was usually accomplished by raising 
ratios and increasing engine speeds with the 
nges in valves, intake systems, and carburetors 
ndling the increased volume of fuel. It wa: 


is period that the automotive type of diesel 


i 


lubrication standpoint, the effect of these 


t the SAE National Diesel 
May 17, 1944.] 


engine changes was a marked increase in crankcase oil, 
piston, and bearing temperatures with no increase in the 
amount of oil in circulation and little effort to reduce its 
normal operating temperature. In some instances, the oil 
supply was actually reduced. Where normal crankcase 
temperatures had previously been under 200 F, it was not 
uncommon to find crankcase oil temperatures of 250-300 F 
n these later model engines. 

From the operation standpoint, road speeds of passenger 
cars steadily increased until operation well above 60 mph 
was common. The same engines as used in some of thes« 
passenger cars were used in tractor-trailer units hauling 
loads of from 18-20 tons at road speeds of 40 mph or 
higher. This was the type of operation for which only 
large, heavy-duty truck engines were previously considered 
suitable. 

The lubrication requirements of these passenger-car and 
truck engines had previously been satisfied by the best 
grade of straight mineral lubricating oil. However, as 
operating conditions became increasingly severe, engine 
performance was affected by deposits of lacquer-like mate 
rial on piston skirts, by ring gumming and sticking, and 
by heavy deposits of soft sludge. The copper-lead and 
cadmium alloy bearings which were required in some 
engines to withstand the high loads and temperatures often 
showed severe corrosion. In many cases, the lubricating oil 
thickened excessively, increasing engine temperatures and 
further reducing efficiency. These conditions were all the 
result of oxidation of the lubricating oil: a condition which 
is greatly accelerated by high temperatures and by the 
presence of metal contamination. The type of oxidation 
product or engine deposit depends upon the character of 
the crude from which the oil is manufactured, the method 
and degree of refining, and the period of time 
exposed to elevated temperatures. All type 
affected in one way or another by contamination 
decomposition products. 

Expert nce in the diesel field closely paral] 
gasoline engines. The large, low-speed di 
easily lubricated with straight mineral oils. 
speeds and loads were increased, and the engines 
to tractor and other automotive uses, difficulties were en 
countered which appe ared to result from oxidation of the 
lubricating oil. In one diesel engine, heavy piston deposit: 
and ring sticking were experienced when operated on many 

' 


ag es 
of the oils which were then commercially available, while 





in another, bearing corrosion, port clogging, and heavy 
sludge deposits were the more serious problems. The 
manufacturers of these two engines were the first to 
conduct extensive research work on the additive type ot 
lubricating oils, and, as a result of this work, full-scale 
laboratory test engines were developed for the evaluation 
ot such engine oils. 


The first of the additive type of oils was developed as a 
result of cooperative work by the Caterpillar Tractor Co. 
and the oil industry. These were the truly detergent type 
of oils in that they showed that characteristic which pre- 
vented the initial deposition of products of fuel combustion 
and oil decomposition in new or clean engines and exhib 
ited a solvent or dissolving action on old, previously formed 
deposits. The additive, or chemical agent, was usually of 
the metallic-soap type. 

While these detergent oils were much more satisfactory 
than straight mineral oils for engines equipped with bab 
bitt bearings, they were not suitable and could not be used 
in engines with high crankcase oil temperatures and 
equipped with alloy bearings because of their poor stability 
and inherent corrosive tendencies. The oil industry, there- 
fore, devoted its efforts toward development of a lubricant 
which would possess not only the desirable detergency 
characteristics but which, at the same time, would be 
extremely stable and show no tendency toward corrosive 
action on alloy bearings. Extensive research showed that 
a rather complex phosphorous or sulfur compound could 
be added to the detergent oils to produce lubricating oils 
which would possess all of these desired characteristics; 
namely, detergency and high resistance to oxidation and 
corrosive action. It is a misnomer to refer to the present 
heavy-duty oils as “detergent” oils in that the name “de 
tergent” does not define all of the outstanding character 
istics of the commonly used additives. 

During the latter part of 1939 and throughout 1940 a 
great number of the oil companies introduced commercially 
additive type of oils possessing all of these desirable char 
acteristics. Because they were particularly suitable for 
heavy-duty service, they were commonly referred to as 
“heavy duty” oils. In view of their superior performance 
characteristics when compared to straight mineral oils, they 
were widely recommended by the automotive manufac 
turers and the oil industry and most of the large trans 
portation companies, both truck and bus, adopted them. 
Contractors, operating a wide variety of makes and types 
of equipment, both gasoline and diesel, found them highly 
advantageous and much more satisfactory than the straight 
mineral oils. This was the background of commercial 
experience with the heavy-duty engine oils. 

Early in 1941, there were no standard lubricants for 
U.S. Army vehicles. This resulted in frequent misapplica- 
tion of types and grades of lubricants and would have 
resulted in a serious maintenance and supply problem as 
the Army expanded. The Ordnance Department, there- 
fore, initiated action to standardize on straight mineral, 
Navy symbol oils for use in gasoline engines and on those 
oils meeting both Caterpillar and General Motors require- 
ments for diesel engines. 

U. S. Army Specification 2-104 was issued as of Sep- 
tember, 1941, to cover these diesel-engine oils and included 
provisions for the qualification of oils prior to procure- 
ment, using the laboratory engine tests developed by the 
Caterpillar Tractor Co. and General Motors Corp. The 
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specification provided for only the SAE 10 and 30 g; 


As the military operation ot motor vehicles entry cin 
both extent and severity, it became evident that the ms C 
inhibited, straight mineral oils were deficient in deterges, ( 
and resistance to oxidation and corrosion when compar 
to the diesel-engine oils. This paralleled commercial exp, vo 


ence, and it was apparent that the heavy-duty 
had proved satistactcry for commercial operatio: 
which were defined by U. S. Army Specification 
diesel-engine lubricating oil, were the most suitable fo; 
engines under all operating conditions. 


te 


It was, accordingly, decided to standardize on the heay 
duty oils for all engines of U. S. Army Ground | 
vehicles. U. S. Army Specification 2-104 was modified ; 
provide for the SAE 50 grade, as well as the SAE : 
30 grades, and became U. S. Army Specification 2-10, 
Qualification under this specification followed the com: 
cial practice where the oil supplier obtained approvals in 
pendently from the Caterpillar Tractor Co. and Gener 
Motors Corp. following the separate test procedures of ¢2 ' 
of these companies. The results of these tests were tak Bi 
as a basis for the qualification list maintained by 
Ordnance Department. 

As the critical situation developed with respect to ad 
tives and certain base stocks used in heavy-duty oils n 
sitating many modifications and requalifications, it becan 
evident that direct Ordnance Department supervision wa 
necessary in order to effect such changes as expedity 
as possible and to ensure an adequate supply of satisfactor 
lubricants at all times. The specification was again revised 
becoming U. S. Army Specification 2 
direct Ordnance Department supervision 
qualification programs. Under this revision, the O 


sag, on tent ps 
vided for 


Department advises the refiner of the engine tests requi 
for qualification, and the test parts and data are subs 
quently submitted to the Ordnance Reviewing Committ 
composed of representatives of the Caterpillar Tractor | 
General Motors Corp., Armour Research Foundatior 


the Ordnance Department. This committee then mak 
recommendations to the Ordnance Department 
whether the oil meets the accepted standards for the sp 
hed engine tests. 

It might be well to 
tests, as required for 


discuss briefly these different engi 


qualification, and to 
explain the impor 
tance placed on the 
of the 
different engine 
parts, 


evaluation 
These en- 
the 
same as those prev ” 


gine tests are 
ously used by Cater- 
pillar and General 
Motors in their re- 
spective programs 
and the procedures 
have been published 


m Fig. | —Lack of de- 
tergency in typical 
straight mineral oil, 
as shown by excessive 
deposits on piston of 
480-hr, CRC L-I 


gine test 


en- 
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,ating Research Council under their designa 
igh L-5. 
sation L-1 is commonly referred to as the 
. test. It is used to determine the effect of a 
ring sticking, wear, and accumulation of 
ig a 480-hr period, or in other words, it is 2 
gency. A single-cylinder, 5% x 8-in. diesel 
ated with a fixed fuel input rate of 2950 Bru 
») rpm for 480 hr with a coolant temperature 
ind an oil to bearing temperature of 145-150 
‘ight run, diesel fuel with the characteristics 
\ppendix I should be used. The oil change 
20 hr. At the conclusion of the 480-hr period 
be no lacquer or other deposits on the piston 
rings should, likewise, be free from deposits. 
rings should show no unusual feathering or 
d should be well polished and seated. Ring 
uld be free from any packed deposits, but may 
by light lacquer. Needless to say, all rings 
ree and show no tendency toward sluggishness. 
crown scuffing is allowed, although it should 
or severe. The cylinder liner should be well 
| smooth with no evidence of scratching or 
should it show any evidence of etching or 


ws the performance of a straight mineral oil 


hr of test operation in this engine. You will note 


extensive deposits on the piston skirt and 
the ring-belt area, indicating a deficiency in 


is a piston after 480 hr of operation on a typical 


engine oil and is acceptable under U. S. Army 


ition 2-104B. You will note the cleanliness of the 


} 


SKIT 


and the complete freedom from lacquer or 


leposits. 


Designation L-2 is commonly referred to as the 


“scratch test” and is used to evaluate the load 


ibility of the lubricant under accelerated run in 


and high load. The test is conducted in the same single 
cylinder diesel as is used in the L-1, but with a special 
cylinder head and a different type of piston. Water inlet 
temperature is 140 +5 F for the SAE 10 grade and 175 
+5 F for the SAE 30 grade, with an oil to bearing tem 
perature of 140 +5 F for both grades. The procedure 
involves a test period of 3 hr and 20 min, with the first 
10 min at no load, the second 10 min at light load and the 
3 hr at relatively high load. New liners and rings are used 
in each test and should scuffing or scratching occur on 
either of the first two tests, a third run is permitted. 
Inspection is comparatively simple —the rings are either 
scratched or not scratched — the lubricant either passes or 
fails. Under the specification, all of this type test are run 
at Armour Research Foundation. Figs. 3 and 4 are typical 
pistons from this test on straight mineral oil and on heavy 
duty oil meeting U. S. Army Specification 2-104B. 

CRC designation L-3 is often referred to as the Cater 
pillar “hot box” test since the engine is operated either 1n 
a “hot box” or with a shroud around the radiator fan to 
provide the high intake air and jacket temperatures speci 
hed. The test is intended to evaluate stability and bear 
ing corrosion. The engine itself is a specially equipped, 
444 x 5'%4-in., 4-cyl, Caterpillar diesel and is operated tor 
120 hr without oil change. Load is maintained at 37 bhp 
with a coolant outlet temperature of 200 F, oil to bearing 
temperature of 212 F, and air intake temperature of 140 F. 
For each test the engine is fitted with at ieast two new 
cylinder liners, two new piston assemblies, and two new 
copper-lead precision insert bearings. This test is com 
monly used as a “screening” run before conducting the 
After 
120 hr of operation, pistons should show a minimum of 
skirt deposits. All rings should be free, 


show no feathering or scratching. Ring groove deposits are 


longer, more exacting 48o-hr, single-cylinder test. 
well seated, and 
evaluated in much the same manner as in the single 


cylinder test. Copper-lead bearing weight losses should not 


exceed 100 mg per whole bearing. 


ete ee ee he ee SS 


Cleanliness of piston from 


L-| engine test, showing 
rgency in heavy-duty en- 
eting U. S. Army Specifi- 
ation 2-104B 


— ud 


m Fig. 3 — Lack of film strength in straight 
mineral oil when tested by CRC L-2 en- 
gine test 


m Fig. 4-—High film strength of heavy 
duty engine oil when tested by CRC L-2 
engine test 








m Fig. 5—Lack of detergency and stability of straight mineral oil in CRC L-3 engine test 


Fig. 5 indicates the lack of detergency in straight mineral 
oils when tested in accordance with the L-3 procedure. As 
in the L-1 test, heavy deposits are evident on piston skirts 
and in the ring belt area. In this particular test, bearing 
weight losses also exceeded the allowable limit of 100 mg 
per whole bearing. 

Fig. 6 represents normal results from the L-3 engine test 
on a typical heavy-duty oil meeting U. S. Army Specifica 
tion 2-104B. 

CRC designation L-4 is the well-known Chevrolet 36-hr 
test, and is used to evaluate stability and bearing corrosion. 
The engine is the conventional Chevrolet with 216.5 cu in. 
piston displacement and compression ratio of 6.5 to I. 
Prior to the test, new piston rings and two new copper-lead 
bearing inserts are installed. The engine is operated at 
3150 rpm with a load of 30 bhp and jacket outlet temper- 
ature of 200 F. For the SAE 1o grade, oil temperature is 
held at 265 F, and for the SAE 30 and 50 grades, at 280 F. 
It is important that the fuel used contain 2.5-3.0 ml of 
tetraethyl lead per gallon. Performance of the lubricant is 
judged by examination of the power section for deposits, 
by weight loss of the test bearings, and by inspection of 
used oil samples taken near the middle and at the end of 
the test. It is difficult to place an éxact limit on allowable 
bearing weight losses, because of variations between dif- 


ferent laboratories and in operating technique. Where such 
weight losses exceed 300-350 mg per total bearing, th 
inspection is more critical and often results in a request for 
additional tests on reference oils of known performanees 
Because of the high oil temperature, any tendency toward 
lacquer formation will usually be reflected by piston-sin 
deposits. Lubricants are usually rejected which show a 
such deposits on piston skirts. 

CRC designation L-5 is the GMC 5o00-hr test conducted 
in the model 71 diesel, and is used to evaluate oxidation 
resistance and to some extent the detergency of a lubricant 
This test is used for study of the SAE 30 grade, and, under 
the specification, is only employed to evaluate new add 
tives on which no previous data are available. The engin 
is fitted with at least one new piston and two new copper 
lead bearing inserts for each test. New compression ring 
and oil rings are used on each piston. The engine is oper 
ated at 2000 rpm with an output of approximately 26 bh 
per cylinder. Water outlet temperature is maintained a 
180 F and oil consumption controlled within the following 
maximum limits. 


No. of Cylinders 





Lb per Hr 








2 0.20 
a) . 
4 0.27 P 
6 0.40 





m Fig. 6—High detergency and stability of heavy-duty engine oils meeting U. S. Army Specification 2-104B in CRC L-3 engine 
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anged for the entre period et 500 hr. pon 
the test, all parts of the engine are inspected 
emphasis placed on ring sticking, ring 
ts, piston-skirt deposits, port clogging, and 
osion. Fig. 7 represents the ultimate in port 
the s00-hr GMC test. This is the condition 
tion of the test and the ports have not been 
¢ the entire 500-hr period. 
you an idea ot the engine tests used for 
nder U. S. Army Specification 2-104B. The 
often been raised, “Do all of these diesel 
redict what will happen in gasoline service?’ 
1c commercial experience with all types of 
1d the excellent correlation with these engin« 
{nance Department considers them satisfactory 


or measuring known properties, such as de 
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Engine ports after completion of 500-hr, CRC L-5 en 
ne test on heavy-duty oil meeting U. S. Army Specification 2-104B 


ition resistance, resistance to corrosion, and 


ble characteristics. 


ra 


stability tests have recently been completed 
ance Desert Proving Ground, Camp Seeley, 
may add turther to the correlation between 
ind operation under severe service conditions. 
ocated in Imperial Valley, about 1o miles 
Mexican border. Temperatures of 115 to 12 
during the summer months. 
ty test was undertaken for two reasons: first. 
he margin of safety in the present heavy-duty 
nd, second, to determine whether the present 
tt 


est actually correlates with severe service. 


products, including several of the presently 


ils, were investigated. GMC 270 cu in. 


in 2'4-ton, 6 x 6, cargo trucks, were 


niles without oil change and with crank 


tures held at 280 F. It must be clearly under 
were strictly field tests and the Army is 
idvocating 5000-mile drain periods or sus 


mn with these high crankcase temperatures 


lhe engines used in the tests were new and were rebuilt 
by the manufacturer in order to eliminate, as far as pos- 
sible, mechanical variables. Carefully weighed parts, mm 
cluding Durex main bearings and copper-lead connecting- 
rod bearings, were installed in each unit. A complete set 
of measurements was made on each engine before ship 
ment to Camp Seeley. Each engine was run in for 24 hr 
using the same oil on which it would be operated during 
the test. At the completion of 5000 miles of operation, all 
engines were returned to the manufacturer for detailed 
inspection. 

At Camp Seeley, the vehicles were operated in convoy, 
ever primary and secondary highways, on an 8-hr-day 
schedule with a 1-hr stop at noon. Crankcase temperatures 
were maintained at 280 F by insulating the crankcase pan, 
by driver-controlled radiator shutters, and by engine speed 
Each vehicle was equipped with a potentiometer and tem 
perature data recorded every 5 min. The gasoline used 
contained a small percentage of oxidation inhibitor and 
2.83 cc tel per gal. Oil samples were taken at 1oo0o-mile 
periods and distributed to the supplier of the particular 
product and two other laboratories. 

Final inspection of the engines showed them to be 
remarkably free from deposits and no sludge or lacquer 
was evident. Figs. 8 and 9 show engine parts after com 
pletion ot the 5000 mi of test operation on one ol the 
heavy-duty engine oils meeting U. S. Army Specification 


2-104B. Parts from the engines operated on other qualified 
engine oils were likewise very clean and free from deposits 


Phree ot the products tested showed corrosion of the 


opper-lead connecting-rod bearings after completing the 


5000 miles of operation. In one instance, this perform 


Vy the prese nt 


Chevrol h beari ‘ight | 2.5 
levrolet test, With bearing Weight losses oF 2.0 tO 2.5 


ince had been accurately predicted 


whole bearing. Another product which failed in 

service tests had been considered borderline In the 
( hevrolet, consistently showing weight losse s trom 130 to 
250 mg per bearing half. The third product has heretofor 
been considered satisfactory on the basis of the laboratory 
engine test. Summarizing, seven products. showed good 
correlation with the Chevrolet engine test, one failed which 
had been considered borderline, and one failed which had 
been considered acceptable. From analysis of the used oil 
samples, the borderline product started to fail between 
2000 and 3000 mule s of operation, while the on whi 
previously been I accepta le. did not fail 
some time after completing 2000 miles of operation. Since 
the normal drain period for U. S. Army transport vehicle 
© 1000 miles, it is apparent that the present 36-hr Che vrolet 
test is an adequate tool for predicting bearing corrosion 
under normal conditions. It might not be adequate for 
predicting service results whe Nn, because of an emergency 
operation approached the conditions in the Camp Seeley 
tests. 

All of the data from the Camp Seeley tests and other 
information which the Ordnane« 
oped on the oils investigated 
Coordinating Lubricants Research group and considerabl 


cooperative work has already been completed. Prelit 


inary results indicate that extension of the present 


( hevrolet test to 72 hr. or operation na full 
would not more accurately pred 


present 


oils t sted than doc S the 
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a Fig. 8 — Piston after 5000-mile stability test at Camp Seeley on 
heavy-duty engine oil meeting U. S. Army Specification 2-104B 


Department indicating whether a more strict interpretation 
of the present test or a revision in the test procedure is 
required. 

The Camp Seeley tests clearly indicate the superiot 
performance of the heavy-duty oils for high-temperature 
operation and add further to the correlation of laboratory 
engine tests with field service. Performance at high tem 
peratures has also been stressed in work by the automotive 
and oil industries. 

The fact that the heavy-duty oils are equally desirable 
for low-temperature operation is not so generally appre 
ciated. During the winter of 1942-1943, the Ordnanc« 
Department maintained a Proving Ground at Camp Shilo, 
Manitoba, Canada, and during this past winter a similar 
detachment operated along the Alaska Highway. The 
primary mission at Camp Shilo was to proot test all Ord 
nance matériel and for automotive equipment, verify and 
supplement information which had been issued to troops 
operating under subzero temperature conditions. Oper 
ation was not too extensive and few vehicles were operated 





m Fig. 9-—Oil screen after 5000-mile stability test at Camp Seeley 
on heavy-duty engine oil meeting U. S. Army Specification 2-104B 
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the transmission of the 2'4-ton, 6 x 6, cargo truck 


over 5000 miles. Final inspections showed t 
be in very satisfactory condition. 

During this past winter, vehicles were 
accordance with existing preventive maintena: 
over a goo-mile course along the Alaska Highway. 


Starting from the detachment headquarters, ; 


vehicle convoys would usually operate about 200 miles ne: 
day, while the combat vehicles would cove; 
between overnight stops. Transport vehicles were ser 


every round trip, or every 1800 miles, while co: ve 
were serviced more frequently. The motor transport 
cles operated an average of 12,000 miles during ¢] 
test period, while combat vehicles varied. in « 
to 4000 miles. While not on the subject of engine oils 


interesting to point out that during an 1800-mil 


Dat vet 


peration 


engines 


nue conv 


operation of combat vehicles, only two bogie-wheel fail 


occurred, neither of which could be attributed 


lubricant. This is a remarkable performance record 


and 
indicates what can be done when proper preventive maint 


nance schedules are followed. At the completion of the ¢ 


period, many of the engines were dismantled for inspection 


and, in general, were in excellent condition. 
Figs. 10 and 11 are parts from a GMC 270 cu in. et 

after 11,632 miles of operation in a 24-ton, 6 x 6, 

truck. Oil consumption was 895 miles per qt. 


The stability test at Camp Seeley and the operation t 


) 


Cd 


.. rated ' 


1 ' 
> schedules 


€ transpor 


he winter 


under subzero conditions are only two of the many engin 
oil projects which have been conducted by the Ordnance 
Department. Unfortunately, it is impossible to discuss her 


all of the work either completed or now in progress 


would be appropriate, however, to discuss one of 


projects which has resulted in an additional requirement 


for qualification under Amendment No. 2 (Append 
of U.S. Army Specification 2-104B. 
# Oil Foaming 


Engine oil foaming had not been a particular 
with straight mineral oils, but some of the additives 


IroD 


1 


X 


in the heavy-duty oils tend to stabilize such foam and t 


problem becomes quite serious, particularly in dry 
engines. To investigate this condition fully, the Ord 
Department requested the technical assistance of the 


ordinating Research Council. A working grou 


organized, including some 15 representatives of th 


motive and oil industry. Oil samples were distribu 


the cooperating laboratories and to two Ordnance pr 
grounds. In the laboratories, the samples wer evaluat 
by several different methods. Evaluation at the provu 
grounds involved tests of the SAE 50 grade in the 
tank engine, in the single unit transmission, differ 
and final drive, and in the motor cycle engines. 


> 
40 


( 


mission of the light tank, and in the 270 cu in. eng 


Fig. 12 shows a medium tank, M4-A1, with 


removed. The oil hopper has been fitted with a 
window so that actual foam height during operation ¢ 
be observed. 


The laboratory test method which correlated qu 
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SAI 
grade was tested in the engine and hydromatic tra 


\ 


+ 


rad 


with service tests has been published as CRC designation 
12-1143 and is relatively simple: Clean, dry air, at a 1a 
of 0.2 cu ft per hr, is bubbled through a diff stone 
which is immersed in 190 ml of oil in a 1-1 grad 
is bubbled through the oil for 5 min and foa 








| 
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operation on heavy-duty engine oil along the Alaska Highway 


er a 10-min collapse period. Two samples are the desert to operations at subzero temperatures. Reports 
ee sequences. The first sample is tested in are consistent as to general engine cleanliness and freedom 
75 F. The second sample is used for both from corrosion and ring sticking. The use of this product 
and third sequences, with respective tempera 
F and 75 F. The third sequence is only neces Table 1 — Correlation of Engine Oil Foaming in a Laboratory 
tect those products which might be temporarily Bench Test and in a Medium Tank M4-Al 
ted. 


shows the correlation between foam height in 


M4-Al Medium Tank CRC L-12-1143 


Foam Height, in. Sequence 1 Sequence2 Sequence 3 
Final 75 F 200 F 75 F 


zo 
o= 


aoakeQuwn-—- 


iting system of the medium tank, M4-At1, and 
the laboratory bench test. The medium tank was 


ax. 
Overfiowed 19 
10 7 


685 

5 0 
7.2 7.2 95 
pecifications Limit 25 
8.9 0 

0 
0 


correlation because it appeared to be the most 
ward foaming. The tank was equipped with a re 
type of hopper which probably exaggerates foaming 5.7 


ng, it should be stated that field experience with has been reflected in increased engine life and longer 


luty engine oils meeting U. S. Army Specitica periods between overhaul. We are confident that they are 


1B has been most satisfactory from operations in an important factor in our present operations 





- Engine parts from 2!/2-ton truck after 11,632 miles of operation on heavy-duty engine oil along the Alaska Highway 
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m Fig. 12—Medium tank, M4-Al, with turret removed and equipped for engine oil foam 
testing 


The Ordnance Department gratefully acknowledges the 
cooperation of the Coordinating Research Council and the 
members of the oil and automotive industries, who have so 
generously contributed their time and facilities toward the 
development of our present heavy-duty engine oils. 


Appendix | 


Specification for Diesel Fuel To Be Used in Conducting 
CRC Designation L-1, L-2, L-3, and L-5 Engine Tests. 
Type 

Flash, min., F 


Straight Run 
100, or legal 
Pour Point, max., F 


20 

Water and Sediment (vol.) max., % 0.05 
Carbon Residue on 10° Residuum, 

max., % 0.20 

Ash, max., % 0.01 

Distillation 

90% Point, min., F 550 

max., F 600 

End Point, max., F 675 


Viscosity, kinematic, centistokes at 100 F, min. 1.6 


max. 4.5 

Sulfur, max., % 0.40 
Corrosion Pass 
Alkali and Mineral Acids None 
Cetane Number, min. 43 
max. 53 


Appendix II 


U. S. Army Specification No. 2-104B (May 6, 1943) 
Amendment No. 2 (Jan. 15, 1944) Including Amend 
ment No. 1 
Engine Oil 

The following changes shall be made in Specification 
No. 2-104B dated May 6, 1943. 

P. 2, paragraph E-4, line 2. Delete “limits if the oil” and 
substitute “limits of the oil” therefor. 

P. 3, paragraph F-3a, Table III. Delete Table IIT and 


substitute the following: 





de 
Be 





Table II! 

Required when the 

gine oil uses an additi 

ously used in an engin 

by the Ordnance Department, 
SAE 10 Grade 

1. CRC-Designation-] 


2. CRC-Designation-L-2-1;,, 
2, CRC-Designation 1-2-1 
4. CRC-Designation-L-4-1; 
SAE 30 Grade 

1. CRC-Designation-L-1-;; 


2. CRC-Designation-L-2-1;, 
3. CRC-Designation-L-3-; 
4. CRC-Designation-L-4 

5. CRC-Designation-L-s-1 


SAE 50 Grade 
1. CRC-Designation-L-4-; 
Required when the finish 
gine oil uses an additive previ 
used in an engine oil qualif 
the Ordnance Department. 


Fp) 


AE ro Grade 
1. CRC-Designation-L-1-1 


2. CRC-Designation-L-2-1 
3. CRC-Designation-L-4-1 


SAE 30 Grade 

1. CRC-Designation-L-1-1143 

2. CRC-Designation-L-2-1143 

3. CRC-Designation-L-4-1143 

SAE 50 Grade 

t. CRC-Designation-L-4-1143 
Delete “suc! 
engine tests” and substitute “such other tests” ther 


P. 3, paragraph F-3b, lines 1 and 2. 


P. 3, Section F. Add new paragraphs as follows: 
F-3d. Stable Pour Point-—The SAE 1o grade 
tested in accordance with CRC designation L-11-1143, 
the stable pour point-by that method shall not ex 

maximum value of —4o F. 

F-3e. Foaming —- The SAE 30 and SAE 50 grades s 
be tested for foaming characteristics in accordance 
CRC designation L-12-1143 and shall not exceed 1 
lowing values for the indicated sequence: 

(1) Sequence 1. 
bubbling period but a maximum of 300 ml after 
of foam collapse. 

(2) Sequence 2. 
bubbling period but a maximum of 25 ml after 
of foam collapse. 

(3) Sequence 3. 
bubbling period but a maximum of 300 ml aft 
of foam collapse. 

P. 4, paragraph H-1, line 2. Delete the word ° 
and substitute the word “qualification” therefor. 

P. 4, paragraph H-1, line 9. Delete the fifth 
and substitute the following: 

“Qualification tests may be conducted in any 
laboratory approved by the Ordnance ‘Departm 
the compatability, the CRC designation L-2-1143 


final evaluation testing for stable pour point and | 
all of which will be conducted at Armour Resea: 
dation, Chicago, Il.” 

P. 4, paragraph H-2, line 2. Delete “Petroleum 
and substitute “Fuels and Lubricants Division” t! 
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hnished ¢ 
- NOt prey 
oil qualifi 


Lea-I-] 749 


"1142 


No limit immediately following ' 


No limit immediately following * 


No limit immediately following ' 


Means for Warning of 


Incipient Breakdown of Smooth 
Airflow over Airfoil Surfaces 


by R. D. KELLY 


Superintendent of Development, 
United Air Lines, Inc. 


1937, United Air Lines cooperated with the 

r the purpose of investigating the stalling char- 
DC-3 airplanes and also to test a leading-edge, 

g device proposed by the NACA. The latter 
y effective. The NACA also proposed the use 
iding edges on the center section as a method of 
his area, and this was tested on the airplane but 

| buffeting warning under some conditions was 
to cause considerable concern with regard to 
ructural failures and it was not accepted as a 


pproach to the problem. 


devices proving inadequate, United Air Lines 
ts own research work on stall-warning devices 
rated its program. As the result, United de- 
stall-warning system utilizing a multiplicity of 
tive units mounted on the aft portion of the 
n the low-pressure side. These units provide 
tacts which close to illuminate individual 
ghts or to provide an increasing indication on 
r mounted within easy vision of the pilot. 
| 6, 1943, the CAA approved the United Air 
varning device for use in air transport service 
tplanes. This approval was given after study 
\ir Lines tests and after tests on a CAA Boeing 


sented at the SAE National Aeronautic Meeting, 
1944.] 


247 type (NC-11) of airplane. James George of the CAA 
recently described the UAL system as being most ap 
plicable to air transport operations in a paper delivered 
before the Institute of Aeronautical Sciences. The purpose 
of this paper is to describe in some detail the principles 
involved in this system and to outline the test results which 
have been achieved. 

By definition, a stall is the condition of airflow about an 
airfoil which is operating at an angle of attack greater than 
the angle of attack of maximum lift. It is accompanied 
by a loss of flying speed and temporary loss of lift and 
control of the airplane. A complete stall in normal trans 
port flying is to be avoided at all times, but it sometimes 
occurs unintentionally because of unpredictable conditions 

In order to establish clearly the airflow characteristics 
of an airfoil during a stall, we must define the boundary 
layer. lary layer is a very thin stratum of air 
: With 
an increase in the angle of attack, the boundary layer 1s 


replaced by turbulent airflow (Fig. 1) caused by the vari 


The bounc 
immediately adjacent to the contour of an airfoil. 


ous currents of air flowing past and over each other in 
different directions and speeds. At an angle of attack cor 
responding closely to the break in the lift curve, a marked 
difference in the type of airflow and magnitude of forces 
around the section appears. 

With this airflow separation on the upper camber of the 





pi lack of feel and sense of air speed that 
goes with large air transports, as well as the 
variable weights at which they are flown, has 
made the use of a stall-warning device desirable. 


In recognition of this fact, a number of stall- 
warning systems have been devised. Given here 
are the principles of one of them, along with an 
outline of the test results that have been 
achieved with it. 


This system consists of a number of airflow 
sensitive units mounted on the rear portion of 
the wing and on the low-pressure side. These 


units provide electrical contacts that close to 
illuminate individual warning lights or to provide 
an increasing indication on an ammeter easily 
visible to the pilot. 


THE AUTHOR: R. D. KELLY (M °29), superintendent 
of development, United Air Lines, has displayed an inven- 
tive genius since, as a student at Franklin College, Indiana, 
he decided upon an acronautical career. He contributed to 
the development of the electrically-heated pitot tube now in 
general use, and to an altimeter for maintaining level flight 
in aerial photography. Mr. Kelly was head of the instru- 
ment shop of Boeing Aircraft Corp. in 1930 before it merged 
with United Air Lines. Later, in 1936, he went to Chicago 
as test engineer, and shortly thereafter was made head of 
United’s engineering development group. Mr. Kelly wa: 
1944 vice-president of the SAE Aircraft Activity 








| MAX FORWARD TEST UNIT LOCATION 
j ee 





Se 






en age 
<4 ee 

=e sehen 

- ; gd “A 
WING COMPLETELY STALLED . 


m Fig. | — United Air Lines stall-warning device — illustrated 


wing in mind, United Air Lines attacked the stall-warning 
problem. Under all conditions and with any airfoil, this 
layer separation is evident. Why not then place airflow 
sensitive units at established locations on the upper camber, 
and by so doing, inform the pilot of the progression of the 


' ' ' 
incipient breakdown of smooth airflow over the airfoil 


surfaces, thereby providing an ample warning by which 





m Fig. 2—Characteristic ice formation between 
and fuselage 


engine nacelle 





2 Fig. 3-—Ice formation on landing light 
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action 





stalled condit ' 
Working with this air 


the complete 
avoided. 
acteristic, we do not rely solely 
or angle of attack for the inst 
pulse. 

The normal pronounced bufl 
is the usual accepted stall indi 
adequate for highly efficient 
signed to utilize, to the maxim 
Such buffer K 
likely to occur almost coincident with ae. 


airtoil section or sections. 


~ FS 
7: 


loss of control, and will vary with th 


OF 


ent combinations of power, fla; 


It is imperative } 1 


tions, ice, and so on. 


stall-warning indicator notify 
tore the stall has progressed to this px 
stall-warning indicator for modern tra 
aircraft should not depend on air 
angularity for its impulse because suc 
cation will serve for only one specif 
dition. A wing will stall at any speed 
load or acceleration is great enough. A 
will stall at varying speeds and angles 
variations in flap settings, power 
tormations. Ice formation (Figs. 2 a 
on the leading edge changes the chat 


tics of the airfoil and reduces its effi 


£ 


The flight tests described herein have yielded quanti 
tive data concerning the airflow over the wing of on 
of aircraft under varying conditions. The progres af 
the stall is different for each aircraft and depends « 
upon the aerodynamic characteristics and geomet 
each particular wing, and the power used. In detern 
the stall progression patterns of the DC-3 (Fi 
and 7) detailed studies were made of the acti 
streamer-tufts attached (Fig. 8) to the upper can 
the airfoil from actual motion pictures taken during fig 
These diagrams are considered accurate and _ repres 
tive in showing the general stall progression pattern 
it should be kept in mind that actual air-speed valu 
likely to vary from stall to stall due to small variat 
loading, atmospheric conditions, piloting technique 
the like. . 

In approaching the problem United Air Lines had t 
consider a device that would function under all air tr 
port operation conditions. 





It was concluded, for the t ' 
sons stated above, that a device triggered at a pred 
mined angle of attack, air speed, or a single installat 
any device would prove inadequate for airlin 
multiplicity of any stall-warning device is essent 
previous paragraphs it was mentioned and substan 
that the airflow would have a tendency to vary under 
tain conditions, changing the stall progression flow 
ingly. It is necessary that, with each different typ 
aircraft, stall progression patterns must be mad 
fight conditions. From these patterns, locat 
stallation of these units can be determined. 

A multiplicity of any stall-warning device over 4 Wi 
does not mean that the stall progression flow 
the wing will always appear on the instrument 
But the pilot will know t 
diately upon the glowing of any one light, t! 


the same sequence. 


impending stall danger, and corrective measures 
taken. The United Air Lines st 


warning system involves the use of several swit 


installation of the 


SAE Journal (Transactions), Vol. 53, No ‘ 














traight stall— power off—wheels and flaps up (nu- 
values indicate stall progression in mph) 
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pase B60 
SESS 709° 


—86 








C-Straight stall-— 15 in. of mercury, manifold pressure, 
-three-quarter flap (numerical values indicate stall 
progression in mph) 











F 5A - Straight stall - power off - wheels and flaps up — light 


umerical values indicate stall progression in mph) 











Stall 30 deg right bank — power off — wheels and flaps 
numerical values indicate stall progression in mph) 


April, 1945 





—_ 75 | 
—_——— ; i 


85 ~\ 


m Fig. 4B—Straight stall—15 in. of mercury, manifold pressure, 
2050 rpm—wheels and flaps up (numerical values indicate stall 
progression in mph) 











\ 


a Fig. 4D-Straight stall-power off—three-quarter flap and 
wheels down (numerical values indicate stall progression in mph) 





a Fig. 5B—Straight stall—15 in. of mercury, manifold pressure 
2050 rpm — wheels and flaps up —light ice (numerical values indi- 
cate stall progression in mph) 





a Fig. 6B— Stall 30-deg left bank— power off —wheels and flaps 
up (numerical values indicate stall progression in mph) 























a Fig. 7A—Stall 30-deg right bank—17-18 in. of mercury, mani- 
fold pressure — wheels and flaps up — medium ice (numerical values 
indicate stall progression in mph} 


The development program to date has considered vari- 
ous types of airflow sensitive switches or units suitable for 
location on the aft portion of the low-pressure surface 
(upper side of the main wing) of the airfoil. These units 
have utilized vanes, tuft springs, impact pressure tubes, and 
suction producing openings as possible means for detecting 
the incipient breakdown of smooth airflow over airfoil 
surfaces. 

The principal experimental flight-test work has been 
carried out using the vane type of unit shown on Fig. 9. 


a Fig. 8A (above) — 
Streamer - tufts at- 
tached to upper 
camber of airfoil —- 
airplane in motion 


m Fig. 8B (right) - 
Streamer - tufts at- 
tached to upper 
camber of airfoil — 
airplane at rest 








m Fig. 7B —Stall 30-deg left bank—15 in. of mercury, moni 
pressure, 2050 rpm — wheels and flaps up — medium ice (numerigg 
values indicate stall progression in mph) 


Therefore, the principal reporting of results in this pay 
is based on the flight tests made with this unit. Othe 
types of modifications of wing switches may prove prefer 
able for airline service, due to exposure of the sensitix 
vane to damage by washing, fuel hoses, wing covers, anj 
the like. For most of the flight tests, 10 wing switchs 
were employed on one wing. It is not believed that » 
many switches are necessary for service installations, by 
this number was needed in the experimental work to pe. 
mit a more detailed study of the stall progression pattem 
The 10 wing switches were electrically con 
nected to a similar number of lights ina 
instrument panel (Fig. 10) mounted in from 
of a movie camera (Fig. 11) and so pos 
tioned that the movie camera could also “se’ 
and record at least a portion of the actio 
the tufts and wing switches mounted « 
upper surface of the wing. An air-speed 11 
cator, clock, and ammeter were also mount 


on this instrument panel so that the camer 


recorded the simultaneous sequence of event 
A later study of the films permitted the 
termination of the following data: 

1. Stall progression patterns over the wi 
are shown in Figs. 4, 5, 6, and 7 for the var 
ous conditions studied. 

2. A stall-warning system can be pro' 
by this means which gives the pilot app: 
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duce a progressive warning to the pilot, but 
ences jateiitene this sequence will also vary some with flight 
ars Se conditions. This further emphasizes the need 

for a multiplicity of wing switches. 
5- The increase in stall speed during a 
banked turn due to the increased acceleration 


a ie 
2 J es ot the turn is properly accounted for by the 
RING ~~ TO BATTERY —_____. CONTACT POINTS United Air Lines system. 








The final tests were made to measure the 
WHEN CONTACT CLOSED- CURRENT FLOWS TO GROUND THRU HAIR 


hte — ] ‘ , 
apeine TO nOuSING effectiveness of this system under icing con 


ditions. Since actual icing conditiens could 
n Fig. 9- Cross-section of vane type of switch not readily be encountered, simulated icing 


conditions were produced by plastering a 


mixture of airplane dope and sawdust on the 
leading edge of the wings, as shown in Figs. 12, 13, and 14. 


At first only a small quantity of this “pseudo ice” was used 
and test flights made. Then the amount of this “ice” was 
increased until a definite increase in stalling speed was pro 
duced due to the lowered efficiency of the wing. Here 
again the margin of warning provided for the pilot by the 
United Air Lines system was demonstrated. 

In these tests the 10 wing switches were electrically con 
nected to a similar number of lights in the instrument 
panel indicator (Fig. 15). The warning lights were ar 
ranged in a straight line and a test push button was pro 
vided on the instrument indicator so that the bulbs could 
be checked during normal flight. The number beside each 


a Fig. 10 —Flight-test instrument panel 


nph margin above the actual stalling speed of 
when the first light flashes, regardless of the 

tion. 

margin varies some with the flight condition, 

sidered as valid evidence that a single wing 
is not adequate. 

sequence of light flashing can be varied by 
x of the wing switches on the wing to pro 


ea ip E: - > 


a Fig. I! (above) - 

Installation of movie 

camera for flight- 
test work 


a Fig. 12 (left) - 

Applying ‘pseudo 

ice’ to leading edge 
of right wing 





established over that particular portion of th 
wing switches directly in the propeller blast y 
thereby extinguishing their respective lamps. 
the lights are out the pilot knows he has estab] 
airflow and can begin to make his craft beco 
I< the landing wheels were still carrying a good 
the load when the last light went out, it is quit 
relight the warning lamps as the control is ¢ 
load the wings, in which case the aircraft shi 
mitted to accelerate further with part of th: 
carried on the wheels (since rolling friction is 
drag) until the plane can become fully airborn 
extinguished. 


Sharp pull-ups immediately after take-off will als 
the warning lights to flash if sufficient speed marg 
not been obtained. This type of warning gives the ; 
valid demonstration of what is happening to th 
over his wings and enables him to operate at a sa 
not excessive margin of speed. It should prevent t 
ing out of nighly loaded wings immediately after tal 
due to too rapid pull-ups. 


ws Fig. 13 (above) — m Fig. 14 (right) - 

Close-up of "pseudo "Pseudo ice’ on 

ice’ on leading leading edge of left 
edge wing 


light is for identification only and has no 
bearing on the relative importance of the 
light. 

Thus, it is evident that initial warning will 
be given by any one light. Progression of the 
stall is shown by additional light indications 
and the tull warning is given when all the 
lights are on. The lighting of any light, 
independent of its location on the panel, will 
inform the pilot that he is not using the total 
lift available for the existing flight conditions. 

For instance, it is Casy to produce an 1n 
cipient stalling condition during tight turns 
without realizing that fact unless the aircraft 
is equipped with the type of device being 
discussed. This is due to the increase in 
stalling speed during a turn. This use is 
particularly important in air transport use 
because of the need sometimes to make rela 
tively sharp turns under a low overcast. With 


the pilot's attention being demanded by so 


c-@h 


a cond 


many details under such circumstances, a 
warning of his approach to the stall condi 
tion and of the reduction in efficiency of his 
wings is particularly helpful. 


WING SWITCH 
DETAIL 


Another important help which was not 
anticipated when this development program 
was originally started is the use of this instru 
ment during take-off. It is well known that 
numerous accide nts have occurred due to the 
failure of the aircraft attaining sufficient 
speed prior to the time when the pilot at \ reerine 
tempts to take it into the air. Under this — = 5a% \ ETA 
condition the airfoil is again operating at less == he. 
than its best efficiency. The UAL stall- ” 
warning system quickly shows when this is 
true. At the beginning of the take-off all of 
the lights are on. As speed is attained, the m Fig. 15—United Air Lines stall-warning electrical systen 
lights begin to go out as smooth airflow is 
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m Fig. 16—Cross-section of suction type of switch 


\nother important use of this device is obtained during 
tor landings. Normally, 
| 


justed to coincide with approximately the lowest 


the first light flashing 


peed for any particular condition of power, flaps, 
By keeping his airplane speed adjusted so that 
ore than an occasional flash is induced, the pilot is 
ving made his approach at the lowest safe 

d, if such is required. 
\ further benefit comes in turbulent air when it is neces 
the airplane at 


low speed for reasons of 
strength. 


If this speed is too low there is always 


nger of stalling and loss of control due to violent 


rafts and the associated positive accelerations. There is 


kelihood of loss of control due to 


horizontal gusts or combinations of horizontal 


In the service tests of the UAL 


change in 


il gusts. system, 
lights were reported to flash warnings in turbulent air, 
by permitting the maintenance of a known safer, yet 
t excessive, margin of speed. 
\nother form of wing switch which has been tried by 

1 Air Lines is the suction type of 
7,16. It 


ced by the change in localized airflow characteristics. 


switch shown in 
operates on the change in pressure differential 





iriations have been tried and fair duplication of 
. of the vane type of units has been achieved. The 
il pressure operated switch offers the advantage of 
lihood of damage in service by wing covers, 


, washing, and the like. 


gaso 


Further tests of this type 


WIT GH ire currently in progress. 
ng unit is mounted on a handhole cover. Sub 
rg ithin the wing is a suction-operated diaphragm 
a, 1 


itrols an electrical switch. The suction is created 


mlined housing mounted on top of the handhole 
| Due to the airflow shape of the housing, smooth 
nny rflow on the wing causes an area of low pressure to form 
the housing, and a slot is cut in the housing to 


As the 


wing 


WITCH his reduced pressure to the diaphragm. 


pproaches a stall, the 
t irbulent, 


airflow over the 
reducing the suction on the unit and 
the diaphragm to close its electrical contact and 
irning light in the cockpit. 

ground-return electrical system is used. The 10 


1 the wing switches are bundled together inside 


— LERMINAL 


/ ASSEMBLY = Sce Fig. 17. all-warning 
acid to the electrical instrument circuit and 


the wing to form a cable which is routed to 
the wing leading edge, then over the top of 
the left wheel well to the fuselage. It then 
tollows the left electrical tunnel to an electri 
cal junction box behind the instrument panel, 
from which it is routed to the indicator 
mounted on the panel in tront of the pilot. 


The St il] Warning system 1s con 


electrical instrument 
Light bulbs 


single-contact 


will not function it the 
is in the “oft” 
are General 


switch posiuon. 


Mazda, 


rated 0.20 amp at 


Electric 
bayonet type, 12-16 v. 
Airplanes designed within the past few 
years, and particularly those which are being 
considered for transport operation in the post 
war period, have shown decided stalling char 
acteristics improvement. This improvement, 
without the sacrifice of any appreciab le per 
formance, has certainly been worth while and 
necessary with the increase in speeds which 


has been achieved. It is telt that a successful 


stall-warning device is desirable 


lack of feel 


ports of the future have and because of the variable weights 


because of an increasing 


larger air trans 


and sense of air speed these 
at which they are flown. 


United 


pre paration ol this 


The assistance of Jack Rothman, Air Lines engi 


neering staff, in the paper is gratefully 
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by F. J. WIEGAND and D. W. MEADOR 


Wright Aeronautical Corp. 


N aircraft engine designed to operate sately at full 

throttle and rated at this power is not a good military 
weapon and neither is the airplane in which it is installed. 
With the ever-changing strategy of opposing air torces, 
the side whose equipment can be stretched a little bit in 
an emergency is usually the side which comes out on top. 
Fortunately, a good many American aircraft-engine instal- 
lations can be overboosted up to 150% of their rated 
power and this has been of extreme value to our Air 
Forces. In order to allow operation at these extreme emer 
gency conditions with the least hazard to the engine, many 
new ideas have been proposed for injection of fluids to 
suppress detonation. Extensive investigation has shown, 
however, that by merely applying the proved worth of 
cylinder-head fuel injection and/or auxiliary water injec 
tion, we not only make the operation of the engine in the 
emergency power range safer but we also improve the 
operation of the engine in the normal power range. The 
application of cylinder-head fuel injection combined with a 
suitable water-injection system for use at extreme power 
conditions has demonstrated: 

1. Considerable decrease in the engine cooling require 
ment under normal power conditions. 


2. Improvement in cooling at emergency power condi 
tions. 


3. More exact and safer engine operation at all power 
conditions. 

4. Definite improvement in economy at cruising and 
high-power conditions. 

5. Possible reduction in engine specific weight, since the 
engine can be run at higher take-off horsepowers with 
the same safety as carburetor-equipped engines. 

6. Removes the obstacles in the path to further advance 
ment In engine output and performance on existing fuels 


and makes more attractive the projected higher octane 
fuels. 





| ie controversy of fuel injection versus car- 
buretion for aircraft engines has resulted in 
many papers being written, some of which 
claimed to prove the superiority of one system, 
some, the other, and some, that neither system 
was any good. 


Such variety of opinions resulted from the fact 
that it is very difficult to obtain in the. same 
engine satisfactory operating characteristics 
with both carburetion and fuel injection. 


These authors, however, now have fuel-injec- 


tion equipment that is completely interchange- 
able with carburetion equipment. 


In this paper, consequently, they go far toward 
settling the controversy, for they present factual 
data on engine performance with carburetion 


and fuel injection applied to the same basic 
engine. 
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Fuel Injection for | 


Provides 








better control of the combustion 


and the effect of this process on the engine parts 





















m Resumé of Previous Investigations 





The performance improvement of an aircraft « 
resulting from the use of cylinder-head fuel injection } 
always been a controversial subject. In many respect 
quite similar to the age-old “liquid-cooled versus air 
engine” argument. Unlike the liquid versus aircooled bay 
though, the fuel-injection versus carburetion evaluat 






































can be made on the same multicylinder engine and ; 
answer can be obtained from the facts. This proc 
has been followed more or less completely by many 
vestigators, and in 1930 the claimed advantages of cylir 
head fuel injection were: 

1. No backfiring. 

2. Stable operation at lean mixtures and resultant | 
specific fuel consumptions. 




































3. 5-15 higher power, especially in nonsuperc! 
engines. 






4. No preheaters or hot spots required to vaporiz 
fuel. 







5. Good cold starting. 
6. No evaporation ice hazard. 
7. Minimized fire hazard. 
8. Possibility of using low volatility safety-type ot 
with success. 




















g. Improvement in engine cooling and in engine fuel-air 
distribution. 








At the same time, numerous articles were written about 
the disadvantages of cylinder-head fuel injection, and oul 


standing engineering authorities presented data to show 
1. No gain in economy. 

















2. No gain in power. 








3. Appreciable loss in altitude rating. 
4. Increased weight and complication of metering sys 
tem. 








5. Increased maintenance and initial cost. 





Obviously from the above summary, fuel injection versus 





ae w 
carburetion was as controversial in 1930 as it 1s toda) 














However, as in all comparisons, it is always possible that 
the personnel involved do not have available sufficient 


ii 


equipment to make a valid comparison or have not 























. e . e “ » war r 
tained sufficient data for a thorough analysis. Based up 
the expressed opinion of the various authorities, investig# 
tions of fuel injection versus carburetion result in the ! 





lowing conclusions: 
a 








1. That the carburetion engine is far superior, 
operating and cost standpoint, to the fuel-injection 











2. That the fuel-injection engine is superior to the cal 
retion engine from a performance and maintenance sta! 
point. 

















3. That both fuel-injection and carburetion eng 
equally satisfactory from a performance and maintenal 
standpoint. 











SAE Journal (Transactions), Vol. 53 












Syrerait Engine 


are no good and we should go to some 
metering system. 














rent opinions result from the fact that it is 
to obtain in the same engine satisfactory 
racteristics with both carburetion and fuel 

investigators have usually taken a poor 
gine and materially improved it with fuel 
have taken a poor fuel-injection engine and 
proved it We now have 
injection equipment completely interchange 
buretion equipment and it is the purpose of 


with carburetion. 


present factual data on engine performance 


' 


ion and fuel injection applied to the same 


a History 


[ irly history of fuel-injection investigations at Cur 
right is somewhat obscure but reports are available 
that in December, 1930, fuel-injection develop 
diesel oil were started on a Challenger single 
ngine at the Curtiss Airplane and Engine Co. 
: Buf hese tests were run with a special fuel-injec- 
system, which consisted of high- and low-pressure 
ydraulically balanced nozzle, and a distributor 


Injection occurred by varying the hydraulic bal 





= Fig. |-Challenger 185-hp engine 
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THE AUTHORS: F. J. WIEGAND (J °37) is now assis 
tant division head in the Current Design & Development 
Division of Wright Aeronautical Corp. He joined Wright's 
experimental test engineering department shortly after grad 
uating from Yale University. After about three years of field 


engineering work, he did research on fuel injection. He 
then advanced to assistant project engineer and senior 
project engineer in charge of fuel metering projects. Mr 
Wiegand is chairman of SAE Committee E-l on Fuel 


Metering Installations. D. W. MEADOR (J '40), assistant 
project engineer of Wright Acronautical Corp., is assigned 
tc the design section of the Current Design & Development 
Division where he handles fuel injection and related design 
problems. Mr. Meador, who came to Wright upon gradua 
tion from N. Y. U.’s Guggenheim School of Aeronautics in 
1939, serves as editor of SAE Metropolitan Section’s publi- 
cation, the Accelerator 








nozzle. 


ance across the These tests indicated that a re 
design of the engine would be necessary to make it function 
satisfactorily on fuel oil with spark ignition. 

In March, 1931, fuel-injection development was started 
on a Challenger engine rated at 185 bhp at 2000 rpm 
shown in Fig. 1. Two kinds of fuel-injection systems were 
used: namely, a conventional Marvel three-plunger pump 
with distributor valve, and an unconventional Ex-Cell-O 
system incorporating a high-pressure pump and a distrib 
The Chal 


lenger engine was equipped to run on both carburetion 


utor valve with a floating injection plunger. 


and intake manifold injection so that easy comparisons 
could be made. Tests were run using California fighting 
grade fuel plus 10% engine oil, and indicated that engine 


power and economy could be improved compared to the 


carburetor engine performance. Some distribution dif 
ficulty was encountered and the timing of the fuel injec 


tion was not satisfactory. Breakage of the fuel lines was 
also a problem. However, tests progressed sufficiently well 
so that in July, 1931, the engine ran satisfactorily with 
adequate acceleration and reasonable distribution. 

In August, 1931, the engine activity was transferred to 
Wright Aeronautical Corp. at Paterson. Subsequent tests 
indicated that this engine was capable of operating with 


a best-economy specific fuel consumption 5% 


below that 
A summary of per 


formance comparisons is shown in Fig. 2. 


guaranteed for the carburetor engine. 


During previous tests it had been determined that some 
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form of automatic fuel-air control was necessary, and a 
was fabricated and func 
tioned satisfactorily in November, 1931. 


design, started in April, 193 
Successful com 
pletion of the test-stand investigations led to the installa 
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During the course of these te: 
gation was conducted on the 


S UllG 





termine if the engine would 
kerosene. After warming up on gas 


was found that the engine we 
kerosene, but excessive detonatiot 









tically immediately, tollowed by 
and consequent loss of power. 

did not foul and acceleration and 
essentially the same with keros 
gasoline. At that time a hydroge: 
_. sel produced by Standard Oil ( 





r 






bin became available, and engine operatio; 


checked with this type of fuel. Gr 


Curtiss Ro 


tion, on Dec 





1931, of the Challenger injection engine 


showed that the engine would operate satisfactor 
in a Curtiss Robin similar to that shown in Fig. 3. Com 





had been previously warmed up on gasoline. Th 
ylete flight tests were run off to check out the automat had 
} 


fuel-air control. 





an octane number of 96 and the boiling 
312-406 F, 















Results of these tests led to turther develo; 
yection on an Rr$20-F engine, shown in Fig 


eae +s CA 





m Fig. 6—RI820-GA injection engine 


with a Wright-Ex-Cell-O  injectio 
under Navy contract. This syste 
rated a manifold-pressure-actuated tu 
trol, a high-pressure pump, and a s 
distributing valve, and fuel was dir 


jected into the combustion chamber 









parts of this system are shown in | 
Engine tests started in May, 1933, 
gressed sufficiently well so that a 5 







ance test at 670 bhp was complete: 





1933. 
> tS A redesigned injection system su 
b completed a 50-hr test, and the e: 
; is | installed in a Navy Hawk airplan 
% , 
* ° 
& 2) 
Py 


1934, satisfactorily completing 






m Fig. 5-—Parts of Wright-Ex-Cell-O rion 
system 
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gines were converted to tuel injection. 
-_ 





h. a 





In January, 1935, an R1820-F2 fuel-injection engine was 
—snaaegAad Ma installed in a BFC-2 airplane for flight test. The engine 
~—=--< ; —s | was equipped to run with the injection system or a float 
: ate TUM a type carburetor. Ground checks were completed satisfac 
torily and the airplane was taken off and flown at 2000 ft 
lor approximately 25 min, during which time everything 
functioned satistactorily. During a climb at 5000 ft the 














engine cut completely and it was necessary to make an 





emergency landing since the engine could not be operated 
on the carburetor. Subsequent inspection showed that a 
failure stmilar to the first 





failure had occurred and tests 
of this type of fuel-injection system were dropped. 


In 1936 tests were undertaken, under sponsorship ot 


the Army Air Forces, with intake manifold injection on 


an R1820-GA engine, shown in Fig. 6. A Marvel Q-2 


fuel-injection pump, with low-pressure injection nozzles 


installed in the intake pipe, was used for these tests and 





an automatic manitold actuated fuel-air ratio control ad 
justed the output of the injector as necessary. 





Te Sts pro 
gressed satisfactorily and a 50-hr endurance test was com 
pleted by July, 1936. 


Another R1820-G engine was built incorporating a cy] 
7 Heat. donigns tected in VWNtgte cagines inder-head fuel-injection system using an Eclipse fuel 
injection pump with an Eclipse automatic fuel-air ratio 
control. Satisfactory operation was obtained and this engine 
was shipped to TWA in 1937 for installation in the North 
rup Gamma airplane for experimental high-altitude flight 
tests. Approximately 300 hr of actual flight operation was 
obtained on both gasoline and safety fuel. 

An additional experimental test program was initiated 
in 1938 in cooperation with the Navy. At the completion 
of this program, data were available to show that th 
lowing was true: 


\cceleration and idling were very good. 

lane was taken off and climbed to 6000 ft and put 
series of maneuvers which indicated that the 
system functioned satisfactorily. During the lat 

t of the flight the engine cut completely and it was 
to make an emergency landing. Subsequent 
showed that the injection drive coupling had 
vused by dirt pickup on the fuel distributor rotor. 
were accomplished and several additional en 


fo] 


1. Direct cylinder-head injection was better than intak« 





pipe injection because it was possible to use both low- and 


high-volatility fuels and a higher volumetric efhiciency was 
obtained. 








2. The most practical type of fuel-injection nozzle was 
a simple poppet valve shown as No. 6 design in Fig. 7. 


With this type of nozzle the optimum fuel discharge pres 








sure was 400-500 psi. Fig. 8 shows some of the other 
nozzle designs tested. Other proposals of the open typ 
of nozzle were also tested but all of these suffered badly 
from carbon formation over the discharge holes. The 


spray angle of the simple poppet valve proved to be rather 




















a Fig. 9 - Ef- 
fect of nozzle 
spray angle 
upon engine 
performance 
— single-cylin- 
der tests — 
nozzle type: 
simple  pop- 
pet valve— 
swivel spray 
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Fig. 8-— Nozzle designs tested in Wright engines 45 60 
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m Fig. 10 — Nozzle locations 


critical, and in Fig. 9 a summary of the results obtained 


with spray angles from 30-90 deg are shown. From these 
data a decision was made to use a 30 deg spiral spray. 










3. The location of the discharge nozzle is apparently 
not very critical when using high-volatility fuel. Various 
nozzle locations, shown in Fig. 10, were tried without a 
great effect on the engine performance. 






A summary of 
the results obtained at the various nozzle positions is shown 


in Fig. 11. It should be noted, however, when using low 
volatility fuel the nozzle location is slightly more critical 
and it is necessary to direct the spray toward the center 
of the combustion chamber to avoid excessive oil dilution. 

4. Duration of injection has no effect on engine per- 
formance for practical injection periods from a pump 
standpoint. This lack of sensitivity to spray duration may 
be a function of turbulence and valve events and could be 
different for another engine design. 

5. An injection ending of 60-70 deg ATC on the engine 


intake stroke provides optimum engine performance. The 
















> 
6. Fuel line lengths from 3-10 ft do not recial 
affect engine performance. ; 
During the low-volatility fuel tests, 10 different }; 
were used, but generally the distillation curve was giv. 
to that shown for safety fuel in Fig. 12. A full-scal 
of an engine using low- and high-volatility f 


A 


4 was 
pleted which showed that both the economy and ; 
were better with high-volatility fuel than with the 
able brands of low-volatility fuel. Fig. 13 indica 
power loss of 11% when using low-volatility fuel ing 
of high-volatility fuel. As shown in Fig. 13 the econo, 
obtained with a high-volatility fuel also was superio, ; 
that obtained with a low-volatility fuel. It is believed ; 
further research will reduce these differences but, fo; 
present, fuel standards have curtailed development 
low-volatility fuels. 

Single-cylinder tests to determine specific fuel cons 
tion and thermal efficiency for fuels of various volatili: 


are summarized in Fig. 14. It will be apparent that 
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a Fig. 13 (right) —Per- 
formance comparison of 
high- and _ low-volatility 
fuels— early model of 18- 
cyl fuel-injection engine 
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m Fig. 14 (left) — Typical 
variation of thermal effi- 
ciency with fuel volatility 
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a Fig. 17 (right) — Power 
comparison of fuel injec- 
tion and carburetion on 
Wright Cyclone "9" engine 
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a Fig. 
Economy com- 
parison of 


the accelerated development of fuels during the past few 
years will assist in overcoming this difficulty. 
About this time, work was started to evaluate accurately 


fuel injection 
and carbure- 
tion on an 
early model, 
18-cyl Wright 
engine — 135 
bmep 


the merits of fuel-injection and carburetion engines. A 
full-scale economy comparison using high-volatility fuel 
on an early model of engine indicated 3-4% improvement 
with fuel injection, as shown in Fig. 


tributed mainly to improved distribution. 
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15; this 





was at 
Excellent start 
ing and acceleration results were obtained with this engine 

While the early model engine tests were in progress, a 


6 
< 
2 


second project was initiated to equip a modern Cyclone “g’ 


1400 1600 with an injection system. 


Since the production engine did 
ENGINE RPM 


not have a drive on which an injection pump could bx 
reacily mounted, a gear box was attached to the generator 


higher go% point than 360 F, the maximum drive. 


The resulting installation, shown in Fig. 16, ap 
somewhat makeshift the 
After completion of de velopment 
tests, the engine was installed on a Navy SBC-4 airplan« 
Fig. 
a power comparison of this engine equipped with carbure 
tion. It will be noted that the fuel-injection engine di 
veloped less powel 


| consumption rises rapidly. It is possible that 


pears but 


engine perlormance 


was quite satisfactory. 


and completed an extensive flight program. 17 shows 


at low speeds than the carburetion 
engine, but slightly more power was developed with full 
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a Fig. 18 
(right) - 
Economy com- 
parison of 
fuel injection 
and carbure- 
tion on Wright 
Cyclone "9" 
engine 
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m Fig. 19—Typical full-throttle F/A mixture distribution —- Wright 
Cyclone C9G engine —rated power 


throttle at high speeds and definitely more power per inch 
of manifold pressure at part-throttle conditions. Fig. 18 
indicates an economy comparison and, as shown on the 
curve, there was no noticeable improvement in economy. 
It is believed that the small increases in engine performance 
with the application of fuel injection to the Cyclone “9” 
engine compared with the much greater improvement on 
tle larger engine was caused by two factors: 

1. The size of the engine. 

: 


2. Better mixture distribution on the Cyclone “g.” Fig. 


19 indicates a comparison of the distribution characteristics 
of the Cyclone “g” engine equipped with fuel injection 
and carburetion, and it will be noted that although the 
carburetion-engine pattern is somewhat inferior to the fuel 
injection pattern, the difference is not sufficient to permit 
a large improvement in engine performance. 


m Basic Requirements of Injection System 


[t was pointed out in 1943! that the problem of metering 


fuel to a large aircraft engine was extremely complex be 
cause of the many variables involved. Fig. 
to indicate the basic measurements needed 
carburetion. 


20 was used 
tor proper 
The same measurements are required with 


See SAE Transactions, Vol 1. August. 1943, pp. 294-303: “C 
buretion for the Aircraft Engine,’”” by F. J. W 


iegand 


fuel-injection systems to attain the objectiy 
metering of fuel in relation to air consumed over 
power range. 

When relating the fuel-flow requirements of the eng; 


to the mass airflow, the following factors must 
sidered: 


be 
1. Power. 
2. Economy. 


. Cylinder-head temperature. 
. Detonation. 


Jie WwW 


. Engine roughness. 
In the medium-power or cruise range, economy 


siderations usually predominate, although in a carbure 
engine these may be overridden by the occurrence , 


gine roughness. In this range it should be noted thar ¢ 


fuel-air mixture must be such that the leanest cylinde; 


stable at all altitudes and temperature conditions. |; 


high-power range the mixture should be set to provi 


maximum power. However, restrictions imposed b 


cylinder-head temperature and detonation sometimes 
quire fuel-air mixtures richer than desired for best 


y | 
y 


i order to obtain satisfactory engine performance 
goal is to provide an average mixture which avoids e 
sive temperature or detonation in the leanest cylinder 
instability or “rich” detonation in the richest cylind 
is evident, therefore, that the optimum relation of 
air consumed can only be determined after a thor 
study of the engine operating characteristics both or 
test stand and under typical flight conditions. 

Many of these factors affecting engine performan 
be eliminated, provided that all cylinders operat 
the same mixture and with the same combustion 
We would like to be able to take the test results 
single-cylinder engine and apply them directly to an 
cylinder engine without change in fuel economy 
temperature, or detonation tendency. In a multicy 
engine, however, with the present methods of fuel 
duction through a nozzle bar, spinner, or in the 
itself, it is necessary to penalize the entire engine’s 
tormance in order that the requirements of the 
leanest cylinders are satisfied, 


riche t 
In other words, the ent 
performance of the engine is predicated on a single cy 
der and if this cylinder is detonating or is unstable o1 
operating at too high a temperature, th 
entire engine performance is unsatis! 
With the advent of fuel injection, it is pos 
to complete tests on a single cylinder 
directly relate these results to the multicy! 
performance with assurance that the mn 
distribution will remain the same whether 
engine is operating at —50 F or 120 F cat 
retor air temperature. Detail requirem 
which must be satisfied to obtain optn 
fuel-injection engine performance inc! 

1. Even mixture distribution. This req 

1 


nt can be obtained with a go 
FUEL REGULATOR ment can be obtaines 
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m Fig. 20—Engine equipped with ideal carburetor 
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design. 

2. Fuel filtration. The importanc 
viding fuel which is free of even minut 
particles cannot be overlooked if sa 
pump and nozzle performance are \ 
assured, 

3. A properly distributed fuel spra 
combustion chamber. The nozzle 
vide a sharp fuel cut-off with negligi! 
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{ mixture distribution of Wright engine 


id rough running and carbonization of the 


s | injection timing. The timing of the fuel 


closely related to a period ot the engine 


fuel line line, 


The fuel 


imp combination must be analyzed to ensure 


size and length. 


hydraulic phenomena, which may adversely 


tering or spray, will not be encountered. 


a Fuel Injection Facts 


\ 


Now that we have reviewed the history and background 
fuel-injection engines and studied briefly the 

ding present design principles, it is interest 

iarize the performance of a typical fuel-injec 

With the facts at hand, a comparison with a 

engine is possible so that the merits of each 

in be weighed and a choice made on the basis of 
reasoning. 
Fuel-Air Mixture Distribution — Fig. 21 shows 

ture distribution data at rated-power conditions 
fuel-injection and carburetion engines at sea-level con 
60-100 F induction air temperatures. The in 
cylinder fuel-air mixture spread is about 5" with 
tion and about 6-17°% with carburetion, depend 
The 


he throttle angle. mixture 
with throttle angle is a nearly abstract func 


Variation of 
data presented here are only typical of that 
obtained. It is interesting to note the importance 
ulence upon mixture distribution with carbure 
lenced by the variations of mixture distribution 
ttle angle. Altitude conditions or extremely cold 
tions further complicate the problem of under 
irburetion-engine mixture distribution besides 

ng tne spread greater. 
hout going into the theory of carburetion engine 
‘tribution or reviewing the work completed so 
rove the distribution, it is desirable to point out 
l-injection engine does provide the long-sought 
the Mixture dis 
urves for the fuel-injection engine have been 


bution in radial engine. 
various powers, mixtures, throttle openings, 
iction air temperatures as low as so F. In 


1¢ results have been as good or better than that 


rs are well aware that carburetion engines re 


tion air heat long before the temperature has 


50 F and this is to be expected since the 
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cold air temperatures inhibit evaporation of the fuel. Al 
though quantitative data are not available to illustrate the 
discussion, it seems very probable that the mixture dis 
tribution will become progressively worse as the induction 
air temperature decreases until the engine becomes unstable 
and will not operate satisfactorily. 

On the other hand, fuel-injection engines do not experi 


ence mixture distribution changes as the induction ait 
temperature drops to extremely low temperatures since the 
fuel is accurately meterec to each cylinder. Air heaters 
are not required and a power advantage exists due to the 


colder air. 


We can obtain an idea of the effect of mixture distribu 
tion upon engine performance by referring to Fig. 21. 
When discussing the basic metering requirements, it was 
noted that the overall metering of an engine is dictated by 
the one leanest or richest cylinder. Now in Fig. 21 one 
cylinder of the carburetion engine is receiving a fuel-air 
ratio about 10% leaner than the leanest cylinder in the 


tuel-injection engine. If the fuel-air ratio in this one 
carburetion-engine cylinder is the leanest permissible for 
any single cylinder at rated power and comparable cooling 
conditions, then the fuel-injection engine can also have 
its leanest cylinder at the same mixture. Thus, for this 
condition the overall mixture of the fuel-injection engine 
can be 10% leaner than with the carburetion engine and 
yet have a maximum cylinder-head temperature equivalent 


to that with carburetion. 


The potential improvement is also illustrated in Fig. 22 
here a decrease in the fuel-air mixture of 10% in the rich 
high-power-range will show about a 16°¢ increase in ther 
mal efficiency. 

Thus, it is apparent that the improved mixture distribu 
tion with fuel injection can be used by the engine designer 
to do one of the following: 

a. Reduce cooling requirements. 

b. Lean the fuel-air ratio to obtain better fuel economy 

c. Increase the compression ratio for better economy 

Engine Stability - We have seen that improved distribu 
tion permits improved economy or cooling in the high 


power range. In the cruise-power range, though, engine 


stability becomes a predominant factor and the effect of 
2 shows that Variations 


distribution must be studied. Fig. 


2 
near best-cconomy mixtures; 


this 


in power output can occur 


with carburetion amount to 


( 


engines Variation can 


©, and become § more severe as the altitude Is Increas¢ d 
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and poorer distribution is encountered. Thus, the power 


impulses from each cylinder may be uneven and the engine 
tends to hunt around the “hook” of the mixture curve. 

Service experience confirms this statement and, for this 
reason, the automatic F/A setting is usually above 0.069 
for cruising conditions. When fuel injection is applied, 
though, the fuel-air distribution is even and the engine 
is stable so that the lowest operating fuel-air ratio is that 
for satisfactory combustion. 

Fig. 23 shows what the effect of mixture distribution 
means as far as actual engine operation is concerned. It 
represents a sampling of numerous calibration data. As 
indicated, operation below 0.069 F/A is not always prac- 
tical with a carburetion engine operating at altitude because 
instability may be encountered. A _ fuel-injection engine 
easily operates at a fuel-air ratio of 0.055 and even below 
here the unstable condition is not of the severe type en- 
countered with carburetion engines below 0.069 F/A. 


Fuel Economy - Fig. 24 shows the improvement in 


thermal efficiency with fuel-injection engines; generally 
this efficiency value has been increased approximately 6%. 
This improvement alone would show a sizable fuel saving 


but, for obtaining the ultimate airplane fuel saving, we 


o) 


must also add the saving due to lower cooling horsepower, 
since horsepower saved is fuel saved. 
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quainted with the problems of engine cooling and ky 
the price paid for small reductions of 10 to 20 F in ma 
mum engine cylinder-head temperature in order to ret 


engine durability. 


increased cooling requirements 


experienced in 
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sultant increase in drag, decrease in speed, and 
in Operating cost. 


Past investigators have discussed improved cooli! 


fuel injection in a general way. Test data have 
ebtained which 
with the theory. In Appendix II, an analysis 
made to show the effect of direct fuel injection 
combustion chamber upon cooling and it is evid 
few degrees (F) are gained for any one cylinde! 
larger improvements result from the improved d 
and leaner F/A mixtures in the cruise range. 
Engine test data are shown in Fig. 25 illu 
reduction of 6-12 F in the average cylinder-hea 
ture and 30-35 F in the hottest head temperatu 
reduction in the hot cylinder-head temperatur 
a reduction in the cowl flap opening, with a result 
horsepower requirement for constant air speed al 
sequent fuel saving. 


This fuel saving is in ad 
that due to improved thermal efficiency, as discuss 
ously. 


An example is developed in Appendix 


verifies these discussions and co! 
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the improvement at 


and altitude 


own in Fig. 26. 
num allowable engine cylinder-head tem- 
xceeded before fuel-injection engines were 


four 








ot the temperature improvement may be 





the specified limits and the potential fuel 
en be lowered. Thus, if 10 F of the 30 F 






= were needed to reach engine specification 
then the potential fuel saving in Fig. 26 
) g the 20 F line. 

ata are shown 1n Fig. 27, and illustrate that 


improvement is also confirmed in actual 


tor improved cooling can best be understood 





by referring to Fig. 22, which is the typical mixture curve 
: iously. Remembering our previous discus- 
sion, W two facts to start with: 





( requirements are based on the one hottest 






\t parable overall fuel-air mixtures, ‘the carbure 





may have a cylinder which is approximately 





than the leanest in a fuel-injection engine. 





retion and fuel-injection engines are supplied 
e overall fuel-air mixtures, then an estimate 








ence in hot cylinder-head temperature can be 





by noting the effect of a 10% change in fuel- 
| temperatures in Fig. 22. 
ge this will amount to approximately 25 F, 


with our test data. 









In the high-power 





which 






The fact must not be over 
irburetion mixture distribution becomes pro 








orer with increasing altitude, thereby increas 






s this temperature difference and aggravating the cooling 





the most critical conditions. 






lse-power range the principal reason for the 
rage temperature is due to the leaner fuel-ais 
ble with fuel injection. 






Fig. 22 demonstrates 

rage cylinder-head temperature will decrease 

ly 18 F when the fuel-air mixture is changed 

rburetion auto-lean value (0.070 F/A) to the 
setting (0.062 F A). 

with test data. 

ious that 










This analysis also 






a complete cooling comparison is 





scope of this paper, and our objective has been 







ose a typical engine power condition, altitude, 
ind illustrate that the potential saving due to 
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better cooling is appreciable. A practical application ot 
the analysis sketched here would be possible with a specific 
A detailed 


study of airplane and engine performance data and of each 


airplane and series of flight plans in mind. 


of the major flight conditions would result in a series ot 
curves illustrating the potenual improvement with fuel 
injection engines. 

Power — Many engine power calibrations have been run 
during the past three years and the numerous claims sum 
marized in the “Resumé of Previous Investigations” have 
been replaced by facts. 

Fig. 28 shows comparable full-throttl power output lor 
engine and 


the fuel-injection and carburetion opumum 


superchargers with a slight edge in favor of the fuel-in 
jection engine at high speeds. 

The higher intake pipe temperature in the fuel-injection 
engine reduces the full-throttle manifold pressure about 1‘ 
from that obtained with carburetion, as shown in Fig. 28 
This loss is counteracted by the better volunietric efliciency 
with fuel injection at comparable manifold pressures so that 
in the final analysis the power-output characteristics of the 
two engines are comparable, with a 2-4% improvement 
shown for fuel injection. 

In a nonsupercharged engine, fuel injection can show a 
higher power output if the carburetor restriction or induc 
In a highly supercharged 
fuel before the 


supercharger impeller materially aids the supercharger 


tion air heaters are removed. 


engine, though, the evaporation of the 


performance and power output of the engine by increasing 
the density of the mixture inducted. These factors are 
considered in supercharger design and, therefore, when a 
change to fuel injection is made the supercharger design 
must also be altered to handle the lower density air. 

Test that the 
temperature drop due to the carburetor fuel discharge into 
the induction air is approximately 40 F. With cylinder 
head fuel injection this drop does not occur and the super 


Supercharger Performance data show 


charger performance is adversely affected by the higher air 
temperature. 

From the supe rcharg« r standpoint, the most serious items 
are the change in the operating range and the increased 


] 


29 shows the fuel injection engine 


that 


temperature rise. Fig. 
operating O/N is 6% 
sequently 


above for carburetion. Con 


, with a carburetion type of diffuser the pressure 
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coefhicient decreases 3% when fuel-injection equipment 1s 
installed, but when we provide a new diffuser with in 
creased vane height for the increased air-volume flow in 
the fuel-injection application, the pressure coefficient has 
been raised to the original carburetion value. It should 
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be noted that this effect does not become appreciable until 
the supercharger capacity is relatively high. In other words, 
an engine having a lower-capacity supercharger may show 
the fuel-injection and carburetion versions operating at the 
same efficiencies. If this occurs, of course no change can 
be made to the supercharger design that would show an 
improvement only with fuel-injection equipment. 

The supercharger diffuser change can regain most of 
the pressure coefficient loss but the hotter induction air 
temperature with fuel injection is carried through the 
supercharger so that the intake-pipe temperature is about 
40 F above that with carburetion. This effect alone would 
cause approximately a 6.5°¢ loss in power but it is counter 
acted by the effect of fuel evaporation directly in the com- 
bustion chamber. An analysis of this evaporation process 
is made in Appendix II and illustrates that the drop in 
temperature in the combustion chamber, due to the fuel 
evaporation, increases the air-charge density thereby per 
mitting a greater air charge and overcoming the adverse 
effect of high intake pipe air temperatures. In fact, at 


high powers, this effect of fuel evaporation actually permits 





a greater mass air charge than experienced 
tion so that the fuel-injection engine shows a: 


ncr 
full-throttle power output of 2-4%. 

Incidentally, it is worth while to digress here ap 
that one of the principal factors determining the o; 
injection timing is the effect of evaporating fuel 
combustion chamber. Since this factor controls the ; 
output, it also controls economy and, therefore, op 


injection timing is the same for best power 
economy. 

In studying the effects of fuel injection into 
tion chamber and the power characteristics, it is inte; 
to note the good agreement of experimental data with o; 
theory. Fig. 30 shows a curve of intake airflow and. 
haust gas flow as a function of engine crank degrees 
test data have shown that the optimum injection ti 
starts at approximately top dead center on the 
stroke, or, for the Cyclone engine, shortly after the 
valve opening. 

The theoty shows that earlier or later injectio; 
optimum should result in increased manifold pressur 
maintain constant power. Fig. 30 shows test data 
trating this effect. 

Altitude Rating — Fig. 31 shows an altitude performa 
comparison between comparable carburetion and fuel-iny 
tion engines. The fuel-injection engine critical altitude 
the particular engine speed illustrated is approximat 
600 ft higher, and at any given altitude the brake hors 
power output is 50 to 100 higher than with the carburet 
engine. 

It should be noted that the superior altitude perforn 
of the fuel-injection engine is not only due to the tail 


> 


supercharger but also to the higher volumetric efficienc 
characteristic at the higher speeds and manifold pressure 
The cleaner air-induction passage, possible when the ca 
buretor fuel discharge bar is removed, also accounts {a 
a part of the altitude improvement. Test data show tha 


the pressure loss across the fuel-injection throttle body 
as much as 1.0 in. of mercury less than a comparabk 
retor at rated power and critical altitude. 


Back fires — Backfires have always plagued carbureted 


engines, and in the larger models the explosions n 
severe, 


1a) 


ae a 
Referring to Fig. 32, we can picture a carburetor eng 


where the entire induction system from the carburet 
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} explosive mixture. It it is not explosive, 


If the mixture is lean, 





will not operate. 





for economical operation, but the mixture 





nequal, then one cylinder may be operating 





resulting slow flame travel permits a burn 





exist in the combustion chamber throughout 
When the intake valve opens for the 





ke 
rORC. 





flame ignites the charge in the induction 





may amount to a volume of a few cubic 
resulting conventional explosion. If the 
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S| nd air velocities are right and fuel is avail 

1y continue to burn. Similar backfires may 
ulty valve action, hot spots, pre-ignition, or 

When iel-injection system is used, there is only air 
tion passage and induction system fires are 
n engine test, it has been possible by setting 
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Air induction and combustion chamber of typical air- 
cooling engine 







ine conditions to obtain only a light puff 





slow-burning flame entering the intake pipe. 





priming equipment, still provided with fuel 





vines aS a conservative measure, 1s a source Ol 






iring starting, but this is fairly rare and will 





1 as experience with fuel Injection equipment 
ited 






n— Acceleration is an item which has always 





carburetor and every one is familiar with the 





erating pumps which are at best “a fault to 





To many, “acceleration” and “backfire” 





synonymous terms a few years ago. Credit 1s 





ugh, to the carburetor and engine manufa 





rcoming a difficult problem. 





tion into the combustion chamber provides an 





to eliminate any lag between the fuel and air, 





Ice€ the injection pump speed accelerates with 





Sp« ed, 


Most important of all, backfires are 











Fig. 22 forms a rational 


Smooth Engine Operation 
background for illustrating the smooth-operating charac 
teristics of fuel-injection engines. This fact has been sub- 
stantiated by flight test and is to be expected since the 
power impulses are much more even than in the carbure 
tion engine. Also, at cruising-lean conditions, stable engine 
operation is very obvious, due principally to the even mix 


ture distribution. Although considerable time and experi 


ence is required to prove this statement, it is believed that 


the smoother engine performance will result in reduced 


maintenance costs. 


1 j 
Induction Ice —\ce tormation in the air-induction pas 


sage is one of the outstanding problems of the aircraft 


industry, and has been the subject of numerous investiga 


tions. Ice formation is principally caused by the tempera 


ture reduction which accompanies tuel evaporation just 


below the carburetor but before the supercharger impeller. 
The temperature drop is approximately 40 F and therefore 
sets the stage for extremely rapid ice formation when the 
air temperature is about 30-50 F and the humidity is high. 

It appears that the alcohol de-icers or air-heater sys 
tems designed to prevent this ice formation may not be 
introduced 


with fuel injection since fuel is not 


Although test data and experi 


hecessary 
before the supercharger. 
ence must be obtained to confirm this belief, it seems 
quite plausible since the induction air is usually heated 
slightly while passing through the air-induction passages 
and this slight heating will act to inhibit ice formation 
A saving in the weight of air heaters or de-icers, as well 
as the cost, may soon be an advantage, characteristic of 
fuel injection. 

Atmospheric or impact ice probably may still occur in a 
fuel-injection engine, but the pilot is usually aware of this 
condition since ice will also form on the wings; evaporation 
ice is much more dangerous since it can occur without 
warning. 

Engine Starting — Starting should be greatly improved 
with fuel injection since the combustion chamber is directly 
primed with a charge of fuel and the fuel cannot condense 
intake Thus, a 


fuel-injyection engine when started will usually continue to 


on cold manitolds as with carburetion. 
run satisfactorily while a cold carburetion engine may have 
to be started a number of times until the intake manifold 
is warmed or sufficiently wetted with fuel to provide a 
supply to each cylinder. 

In order to achieve optimum starting, it is important to 
have the correct fuel-injection pump output. This require 
ment varies with engine temperature, pump temperature, 
and so on, and may impose some difficulties in automatic 
control de sign. 

In spite of the lack of exact control, consistent starts 
without supplementary priming have been experienced in 
How 


ever, until data are obtained at extremely low temperatures, 


the field as well as on the experimental test stand. 


definite conclusions cannot be drawn. 
Safety Fuels 


of low-volatility 


Fig. 12 showed a typical distillation curve 
( illed fuel) 


desirable from the fire 


fuel (sometimes satety and 


illustrates a high boiling range 


hazard standpoint but prohibitive from the carburetion 


viewpoint. During 1939-1941 considerable test work was 
completed to evaluate engine px rtormance with this type 
of fuel. 


the two problems yet to be solved. 


Starting and crankcase oil dilution stand out as 
Power was nearly the 
same as with high-volatility fuel, and it was our opinion 


that the economy could be approximately the same if the 





heat content and octane rating were the same as high- 
volatility fuel. 

Our experience has shown that tuel-injection engines are 
less sensitive to fuel volatility from an operation standpoint. 
When low-volatility fuels are used, the fire hazard is mini- 
mized, possibly to a level comparable with the diesel. 

It would appear that a spark-ignition, fuel-injection 
engine with a high compression ratio for economy, anti- 
detonant injection for maximum power and low-volatility 
fuel for safety would compare very favorably with any 


diesel engine and yet retain the desirable otto-cycle char- 
acteristics. 


uw What Engines Should Use Fuel Injection? 


It has been stated by some authorities that if the aircraft- 
engine designer had been using a cylinder-head fuel- 
injection system and was shown a carburetor which sup- 
posedly did the same job, he would unhesitatingly pick the 
carburetor. This may or may not be true and, in our 
opinion, depends on whether or not the aircraft-engine 
designer were completely informed on the number of 
additional problems he inherited when changing over to 
the carburetor. Even if the performance of a fuel-injection 
engine were the same as that of a carburetion engine, it 
would seem from the evidence at hand that the use of 
direct cylinder-head fuel-injection equipment allows the 
engine designer much more flexibility in his design and 
gives him the tools by which he can adapt the engine to 
many functions. 

Further experience is needed to determine accurately the 
types and sizes of engines which can demonstrate appre- 
ciable improvements with fuel-injection equipment but 
predictions can be made from the available data. As far as 
aircraft engines are concerned, the facts show that: 


1. Fuel injection can show a performance improvement 
when applied to practically any carburetor engine whose 
F/A distribution is adversely affected by airplane operating 
conditions, such as low carburetor air temperature and high 
altitude. 


2. Generally, large engines having rated powers of 1000 


bhp and more will show some degree of each of the advan 
tages given in this paper. This applies particularly to 
engines with high-altitude ratings, for in these a particular 
effort is made to reduce losses in the air-induction passage. 
This inevitably means less turbulence and, therefore, poor 
charge mixing in the carburetor engine. The large engines 
are also confronted more frequently with such problems as 
backfires, poor starting, and unstable operation. 1ooo bhp 
is chosen as the approximate power above which fuel injec- 
tion can definitely be recommended since the cost of the 
engine and cost of fuel are large enough to obtain appre- 
ciable savings in operating costs. Also, the smaller trouble 
items, improved or corrected by fuel injection, become 
sufficiently bothersome to warrant a change. 

3. Fuel injection is mandatory if operation with safety 
fuels is desired. 

4. For an accurate evaluation of the benefits to be ob 
tained by converting to fuel injection, the following factors 
must be studied: 


a. Distribution under all airplane operating conditions, 
such as low carburetor air temperature and high altitude. 

b. Cooling requirements especially in relation to the 
probable airplane installation. 
creased? 


Is the airplane speed in- 





c. Power output and altitude ratings. 
d. Fuel requirements. 

e. Performance in conjunction with water 
5- After the potential improvements with { 


paid for fuel injection. These include: 


a. Weight. At present a relatively large fuel, 


have been evaluated for a particular application. 
values must be weighed against the disadvantages 


Nyec 





engine weighs 50 |b more than a comparable cary 


engine. Thus, the engine must first of all show 


b. Fuel lines and fittings which require trained 


nel to ensure correct installation and careful mainte; 
to avoid line chafing or fuel leaks. A foolproof 
connection helps considerably to ensure optimum ¢ 


performance. 


ri 


an €cor 
improvement to counteract this initial weight increas 


c. The initial cost, which is higher. This is aln 
evitable because there are more parts and more ass 


operations. Also, maintenance costs on the fu 


® Outline for Future Development 


. 
equipment will no doubt be higher for the same r 


iCds 


Although most of the discussion has concerned | 
and accumulated test data, it is desirable to point . 


there is much work ahead before all of the phenom 


fuel injection are properly understood and all of the 
tial applications have been thoroughly evaluated 


this theme in mind, we should review some of 


requiring further development and investigation 


1. Preliminary tests indicate that fuel injection pe: 


the designer to control definitely the amount of 
charged into the exhaust system during valve over! 
ditions. Since it is well known that high valve overla 
improve the power output, it is expected that furt! 


ing will permit substantial improvements in 
power output at both sea level and altitude. 


2. Past investigators have gone into consid 


lerab] 
on charge stratification but little success has been rea 
to date. Possibly, a clearer picture of the require 


governing injection of the fuel charge will com 
more is known of the combustion process. An acti’ 


bustion research program with emphasis on con 
control through proper coordination of the fuel spray 
allow further improvements in the otto-cycle engi! 


3. Closely allied to item No. 2 is the study of « 


fuel spray to cool hot spots and thereby avoid det 


or pre-ignition. We have never achieved mucl 
this direction but the possibilities look promisin 

4. Interest in 2-cycle gasoline engines maj 
revived with fuel injection but this, of course, is 
study in itself. 

5. The use of safety fuels such as the hydrog 
is attractive to some and censiderable work has | 
tc evaluate engine characteristics with these fuel 
and oil dilution are probably the outstanding 
which need further study before the adaptatio: 
volatility fuels can be recommended. This 1s 
which requires close coordination with the ! 
facturer. 

6. Further data are needed to evaluate con 
optimum compression ratio and spark advance v 
fuel-injection engines. The promising combinati 
injection and high compression ratio should 
cluded with this project. 


i\ 


rar 
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Integration of Performance Improvements 
d the details of fuel-injection engine per 
aluated improvements where possible. The 
ments, such as reduced tuel consumption 
ooling, are reflected in reduced costs or 
ue. Thus, a saving of fuel due to the sum 
higher thermal efficiency and lower cooling 
ially results in a double’ saving. That is, 
fuel saved plus the additional revenue for 
lieu of fuel. It will be obvious that this 
be much larger than the value of the fuel 


|, a typical example has been developed to 
ntial cost improvement due to fuel saving 
revenue resulting from leaner fuel-air mix 
ced cooling requirements. With the assump 
-mile flight, (2) 60¢ per ton-mile cargo 
3) 12¢ per gal fuel cost, the improvement is 
for cruise-power conditions in Fig. 33. 
the total improvement is 20¢ per mile for 
ondition’ and 9.5¢ per mile for an NACA 
The equation in Appendix I can be used 
iates for various lengths of flights and cargo 
\t the condition above 15,000 ft, Army day, 


% 


miles will show an improvement of 43.6¢ 


xample studied at 15,000 ft, Army day,” the 
th carburetion was estimated at 17¢ per mile 
Thus, the potential saving for a 400-mile trip 


1 
tr 


¢ ot the total fuel cost before fuel injection was 
\s noted above, this large saving is possible due 
assumed for the cargo equivalent to the fuel 
ind it is obvious that this saving will increase 

tion to the length of the flight. 
way to view the potential improvement is from 
lpoint of increased payload or increased range. 
hows that the payload can be increased by 755 lb 
flight at 15,000 ft, Army day conditions. In 
same example shows a potential range increase 
in 14%. 
id as carried with a comparable carburetion 


The latter, of course, assumes the 


realized that the example given here does 
any specific plane, it is nevertheless typical. 
t manufacturer may have a superior cowl design 


J 
/ 
P A 
a Fig. 33 - 

Estimate of 
| total improve- 
ment at cruise 
power — 400- 
mile flight; 
3¢ per I|b- 
mile revenue; 


12¢ per gal 
fuel 


| 
| 
| 
| 
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) THRU REDUCED COOLING REQUIREMENT 
LBS/ MILE 


INCREASE - LBS 


OAD 


PAY | 


« 


REQUIREMENT 


FUEL SAVED THRU REDUCED COOLING 
LBS/ MILE 
Fig. 34-Typical payload increase with fuel injection — cruise 
power 


b 


than the average cowl assumed here, which would decreas« 
the improvement due to decreased cooling requirements. 
The object of the example was not to go into the details of 
any specific study but to point out that the potential say 
lags are appreciable. 

It is obvious that the estimated savings cannot be com 
pletely realized unless the flight technique is refined to the 
optimum. That is, for our particular example, the tuel load 
must be varied according to the estimated cooling require 
ments for a given flight or group of flights and then the 


cargo load varied accordingly. conditions, 


Under any 
though, the lower cooling requirements of the fuel-injection 
engine will result in a substantial fuel saving. Whether or 
not this is also utilized as a weight saving can be best 
determined by the individual operator. 

Intangible improvements will show further economy and 
passenger comfort improvements which will be better estab 
lished with airline operating experience. The absence of 
backfires and minimized danger of ice formation are not 
only a relief from two annoying problems but may also 
lead to reduced insurance and maintenance costs. Easier 
starting may also become a factor, especially in cold cli 
mates where the improvement may be further reflected in 
reduced operating costs. Maintenance costs may be reduced, 
although the reduction may only offset the cost of maintain 
ing the fuel-injection equipment. 

The importance of a specific fuel volatility for good 
engine operation decreases and the possibility of using low 
volatility safety fuels is available to the operator. Likewise, 
the possibility of using a high-compression fuel-injection 
engine with water injection for a high, detonation-free, 
take-off power rating cannot be overlooked by any operator 
using large engines where fuel consumption costs are an 
appreciable item. Therefore, we may conclude that the 
fuel-injection facts show: 

1. Fuel injection is a development which, with the recent 
increases in engine power requirements, has demonstrated 
distinct advantages to the military services and the com 
mercial operator. It is one of the improvements in com 
bustion control which can be expected with refined engine 
design and which will be available in post-war commercial 
aircraft to provide superior performance and improved 
economy. 

2. With engines in the high-horsepower class, fuel injec 
tion will provide approximately 4-6% lower fuel consump 
tion if the compression ratio is unchanged and even greater 
improvements if the compression ratio and spark timing 
are changed to optimum. 
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3. Cooling requirements are reduced appreciably with 
fuel injection, thereby resulting in a large fuel saving and 
increased airplane speed. 


figure can be converted into brake horsepower aq; 
into fuel-flow saving. With the air speed knoy 
ing in pounds per mile can also be determin 










This procedure has been carried through 
[DISTANCE-MILES oo ] airplane. Fig. 26 shows the fuel saving for various 
3 8 
3 § 


















° conditions and various cylinder-head temperature jp 
1 ne | ments. If the maximum allowable cylinder-head 
2 25 | 6° ture has not been exceeded with the carburetion ep, 
ue : :; ; Lg ‘ 
we 4 installation, then the improvement with fuel injec 
| a ee é : 
us 20) Lees that shown along the —30 F vertical line. 
< wr 1 | If p: he te -rat >] . . lah! 
ld 15} i 9 “i= A ee | part of the temperature improvement availal 
oS | i: a | fuel injection is used to achieve cylinder-head temper, 
as Feta Og, Coat within engine specification limits, then the coy 
4 ‘ cannot be closed as much as in the former case. T} 
a 5} + <> ‘39 / : : 
a | ! |! | the carburetion engine exceeded the engine specifics 
‘ t_. —« - ‘ , : | hot cylinder-head temperature by 10 F, then the im; 
FUEL SAVED THRU REDUCED COOLING REQUIREMENT ment with fuel injection would be approximat 
LBS/MILE shown by the —20 F vertical line. 
m Fig. 35—Typical range increase with fuel injection — cruise power For our study we have considered the fuel saving 
- 607% rated lower cooling horsepower independently from the 
due to the leaner fuel-air mixtures used with 
4. Maximum power output with fuel injection is equal injection engine. Thus, the improvement with th 
to or better than that obtainable with carburetion. 





mixture is simply the engine brake horsepower tin 
difference between the fuel-injection and carbureti 
gine specific fuel consumption. 





a. The critical altitude rating is appreciably higher 
with fuel injection, but care must be taken to retain opti 
mum supercharger characteristics and a clean induction The total saving of fuel, that is, the sum of 
passage to obtain these results. 







saved due to reduced cooling horsepower plus that 





5. Backfires are minimized with fuel injection and the with leaner mixtures, results in a double saving, nat 
fire hazard is reduced. 


1. Lower fuel cost. 









6. Fuel-injection engines are not sensitive to variations 












Br 2. Increased revenue, since cargo can be carried 
in fuel volatility although extremely low-volatility fuels of fuel. 
may cause starting and oil dilution problems and the econ- If: 
omy may be slightly inferior to that experienced with high ; 

ce dat . ; F. Fuel saved through better cooling, lb per 1 
volatility fuel. 





engine 
Appendix | F, = ro saved through leaner mixtures, lt 
; ; engine 
Typical Example of Effect of Improved Cooling 5, on Let ol Mak 
and Lean F/A Mixture on Airplane Economy 


R = Cargo revenue, ¢ per lb-mile 
— Fuel-Injection Engines C = Fuel cost, ¢ per ga! 








i! 






With the data shown in Figs. 22 and 24 and a few 


assumptions, it is possible to arrive at a dollars and cents 
answer on the effect of fuel injection. 


D = Fuel density per gal = 5.87 (for 0.7 specific gr 
W 





Increased weight of fuel-injection engine 














Then: 
Assume the following engine conditions: Improved economy per engine 
a. Cruise power — 60% rated. (F. + P,) Ya 7 
b. Hot cylinder-head temperature 450 F. = —— mn [ F. + Fy) I W IR 
c. Thermal efficiency improved, as shown in Fig. 24. ” 
d. Engine AP requirement known for any specified set If we assume: 
of conditions. L = 400 miles 
Have the following airplane data available: R = 0.03¢ per lb-mile 
a. Engine baffle pressure drop versus cow! flap angle at C = 12¢ per gal 
various ias (indicated air speed, mph). Improved economy per engine 
b. Cowl drag versus indicated air speed for various flap F. + Fy) 12 = 
openings. 7 5.87 r [ F Fz) 400 — 950 | 
c. Indicated air speed versus brake horsepower times the - 1404 (F. + F 15 
square root of the density ratio at various flap openings. aware Pgh de eae 
At the assumed brake horsepower, the AP requirements A plot of this equation is shown in Fig. 33. 





can be obtained at the cylinder-head temperature of 450 F 
for certain altitude conditions. Then, from the airplane 
data the cowl flap angle and cowl drag can be determined. 


Using Figs. 26 and 33, we can see that the im} 
with fuel injection due to better cooling and fu: 
alone can be as much as 5.0¢ per mile per engi! 
per mile for a typical airplane. Tabulated bel: 
total improvements for the other altitude conditi 
in Fig. 26. At the maximum temperature im| 
of 30 F 







If these data are determined for a carburetion engine and 
the same procedure is then followed with a fuel-injection 
engine, the 30 F improvement in cylinder-head temperature 
will show a considerable reduction in cooling drag. This 
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Improvement, sufficient pressure drop across the engine for cooling is 







t Altitude, ft ¢ per mile per engine developed with small cowl flap openings. However, a 
oO 5,000 3.95 different nacelle or higher altitude condition may show 
15,000 5.0 different results after a detailed study is made. 
sCA D 5,000 1.0 It must be pointed out that this brief analysis is only 
j 15,000 2.38 intended to demonstrate that a fuel-injection engine may 
( can also be made to evaluate the potential show large potential savings due to improved cooling as 
n terms of increased range.or payload. When well as improved F/A mixtures. While the cowl assumed 








e following results are obtained: for the present discussion is considered typical, improve 








Potential Payload Increase, Ib 





Potential Range Increase, % 


1000-Mile Flight 





500-Mile Flight 500-Mile Flight 1006-Mile Flight 








with with with with , 
Altitude Condition Carburetion Engine Carburetion Engine Carburetion Engine Carburetion Engine 
Army Day, 5000-Ft Altitude 10.0 12.5 578 1350 
15,000-Ft Altitude 14.0 16.0 755 1700 
NACA Day, 5000-Ft Altitude 3.0 4.5 150 510 
15,000-Ft Altitude 6.0 8.0 330 820 





















9 a plot to show the effect of the initial length ments in cowling design will bring about lower cooling 

g the potential payload increase. It is apparent horsepower requirements and thereby reduced benefits 

he longer flights permit larger percentage improve with fuel injection. A study could easily be made with any 

men known cowl installation and flight condition and the pos 

Fig. 2 an analysis tor cruise power and 205 mph sible benefits readily evaluated. It appears obvious that, at 

indic speed to show the potential increase in range. least for the near future, the improvements in cowl design 

Here th provement increases with the length of flight will not be sufficient to make the cooling improvement 
omes asymptotic to a value where the increased possible with fuel-injection negligible. 

ght of the fuel-injection equipment is a negligible part The improvements possible at high powers will not 

total saving. change with cowl design and, in fact, will probably in 

lysis of the improvement possible at rated-power crease as the size of the engine increases. 






has also been made. Using the data on the 






‘ture control curve in Fig. 22, we see that a . 
saving of 30 F, in the rich range experienced Appendix ll 
wer, will permit an increase of 17% in thermal Estimate of the Effect of Fuel Evaporation in 
ciency. In other words, we can lean the fuel-air mixture Ths, Ciiesties Ghiuiies wan ten Sead” 
th { njection approximately 17% and still have the £ Ai the | ae Val 
: ° ir across the Intake Valve 










ling requirements demanded by the carburetion 






the richer, normal fuel-air mixtures. Translated It has been shown that the fuel evaporation before the 
weight, this means a saving of approximately supercharger impeller of a carburetion engine has a 

12 r engine per hr, 570 lb per hr, or 1575 lb per 1000 considerable effect upon supercharger performance. In a 
the same airplane at 15,000-ft altitude. typical, radial aircraft engine the temperature drop is 






approximately 40 F in the high-power range. If direct 


it was thought that a considerable saving : . = oe 
cylinder-head fuel injection is used, this temperature effect 






gained at rated power by closing the cowl flaps, 






th the reduced cylinder-head temperatures. at the supercharger inlet is lost but a similar effect should 





calculations have now been made for the typical be expected due to fuel evaporation in the combustion 






stallation referred to before to show that even chamber. Evaporation here should decrease the pressure 






in the combustion chamber and, therefore, allow increased 





itt, Army day conditions, the maximum saving 





th smaller cowl flap openings is very small. airflow at a given manifold pressure. 











the available cooling improvement is utilized Test data have been presented to show the effect of fuel 
cowl flaps, of course the fuel-air mixture cannot evaporation in the combustion chamber and illustrates that 
iner so that the 142 Ib per hr saving noted above the power improvement is sufficient to overcome any 
ible. It is apparent that the ee: saving deficiency due to lower density at the supercharger inlet 
obtained if the cowl flaps are not touched and the It is also interesting to study a mathematical analysis of the 
‘uel-air mixture is made leaner until the cylinder-head phenomenon to understand better the meaning of the data 
‘emperature returns to that experienced with carburetion. Let: 
i mall change in cooling horsepower with reduced Wr = Weight of residual gases in combustion chamber per 
ratures is caused at rated-power conditions by cycle per cylinder 
velocity of the airplane, assumed here, so that Wa = Weight of fresh air charge per cycle per cylinder 






Wr = Weight of fresh fuel charge per cycle per cylinder 





je conditions are the same as NACA except that th 
mperature is 41 F higher than NACA up to the is T, Temperature of fresh air charge in intake pipe 






T, = Temperature rise of air charge in passing over intake 





tude conditions are defined in NACA Technical Report 






“Standard Atmosphere Tables and Data,” by W. S 
, ‘ — P valve and throug ort 
tmospheric temperature is 59 F at 29.92 in. of mercury . , hr igh por 
nd the temperature lapse rate is approximatel; T; = Temperature of fresh fuel charge 
-ft change in altitude up to —67 F, the isothermal 





T, = Temperature of residual gases 








Final temperature of gas mixture in combustion 


chamber after mixing 


yA = Specific heat of air, Btu per lb per deg (F) 

yr = Specific heat of fuel, Btu per lb per deg (F) 

yr = Specific heat of residual gas, Btu per Ib per deg (F) 
H Latent heat of vaporization for fuel 


Then for carburetion: 


Wr YR T's T 


Ws val Te (T, 


For fuel injection: 
Wr vr (T, — T;) 


1) | L We ve| 7 ~(T, + T:) | 
, 7») | +WrH + Wrve| Ts a | 


Wr = Ve dr 


Assume the following: 


where V, 


= clearance volume = 33 cu in. 
P 
dp = = 
RT 
P 


= 14.7 psi (sea-level exhaust) 


From ‘Handbook of Engineering Fundamentals,” Eshbach: 


1545 
M, = — 
Rn 
M 1M M 
Rn = = ) R, : “) R, + (=) R, 
Ma | == Mn, 
Where: 
M, = Molecular weight of gas mixture 
R, = Equivalent gas constant for the mixture 
M,., M,, and M, = Relative masses of constituents of gas 
mixture 
Mn, = Mass of gas mixture 


Fes) Fey; SO Re 


= Individual gas constants of each con- 
stituent 


of mixture. 


Assume percentage mass and gas constant of each constituent 


in residual gas as follows: 


Element M,, M,, etc. R 
N2 0.843 54.9 
CO, 0.109 34.9 
CO 0.036 55.1 
O» 0.012 48.3 


Substituting in equation for R,, 


R,, = 0.843 54.9 + 0.109 34.9 + 0.0386 xX 55.1 
+ 0.012 X 48.3 = 52.66 
EE 
Rin 52.66 
R = 52.66 
T’' = 1960 F (absolute 
Wr ne x d. at ee .. aceon lb 
1728 02.66 1960 
Wa = 0.01094 lb (100% rated power 
F/A = 0.100 
Wr = 0.001094 lb 
T; = 160 F (carburetion); 200 F (fuel injection 
T: = 40 F 
T; = 160 F (carburetion); 100 F (fuel injection 
Ts 1500 F = 1960 F (absolute 
ya = 0.24 Btu per lb per deg (F) 
yr = 0.5 Btu per lb per deg (F) 
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yr = 0.24 Btu per lb per deg F) 
H = 140 Btu per lb 
Substituting: 


For carburetion: 


0.000391 x 0.24 (1500 — T;) = 0.01094 x 0 


[7 — (160 + 10) | + 0.001094 X 0.5 [ 7. — (160 4 


0.1410 — 0.0000938 7; 
= 0.002625 7; — 0.525 
0.00327 T; = 0.775 
T, = 237 F 


+ 0.000547 T; 


For fuel injection: 


0.000391 x 0.24 (1500 — 7T;) = 0.01094 x 0, 


[ 7: — (200 + 40 | + 0.001094 « 140 


+ 0.001094 x 0.5 [ 7: - 100 | 


0.1410 — 0.0000938 7’; 
= 0.00263 T; — 0.631 + 0.1533 
0.0032738 7's 
T; 


— 0.055 + 


= 6737 


of 


206 F 


+ 


0.109 


24 


0.00035 7 


Using the gas equation to estimate conditions in th 


bustion chamber, that is, PV 


= WRT, let subscripts F and 


denote fuel injection and carburetion, respectively. Then 
Pr Vr Wr Rr Tr 
Pc Ve WceRcTc 
or, since the volume and gas are constant for each case 
Pr Wr Tr 
Pe We Te 
> 
From Fig. 28, we see that —- = 0.99, approximatel; 
: 7 
a hl e Cc 
Therefore: 
Wr Te © 
We Tr Pe 
and since 7'¢ = 237 F = 697 F (absolute) and 7r = 2 
= 666 F (absolute) 
Wr 697 
en < 0.99 = 1.036 
W 666 


This figure represents the ratio of fuel-injection t 
buretion airflow or horsepower at rated power; it 


very closely with the test data figure of 1.021 


Fig. 28, and illustrates that in spite of the higher air ' 
perature before the supercharger impeller, the fuel 


tion directly into the combustion chamber compensates 


é. 
the lower supercharger performance and actually ! 


higher powers at high speeds. 


It is apparent, though, that if the pressure 


had been less than 0.955 
have been less than that with carburetion. It 
that care must ‘be used to provide clean air pa 
optimum supercharger design when fuel-inject 
ment is used in order to obtain the full benefits. 

The importance of injection timing now becon 
since injection late in the intake stroke or on th 
stroke would prevent the effect of fuel evap 
admitting an increased air charge. Injection 
near the beginning of the intake stroke so that 
can be injected and evaporated while the intak 
still well open. 
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the fuel-injection airfloy 
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AUTHOR: W. H. PAUL (M '34), professor of the operation of motor-car engines to such an 
engineering, Oregon State College, has been 


hanictl emaginntticg Sor dat sua UF dears, Tike extent that every motorist is aware of im- 
is been interspersed with practical experience paired performance. 
during which time he has been associated with 
Hupmobile Co. as automobile salesman; with Port- 
‘ba . ofrigerafi > ¥} er: sth the : r + ; 
& Coke non as re engineer; with the For this reason, vehicle operators will be in- 
ist Gas Association as aitsman; and itt . . . . 
en a es See Wee Re terested in this paper, in which Prof. Paul, after 
state Highway Department as road test engineer and ° , . . 
economist. Mr. Paul has also traveled exten- comparing present-day gasoline with the pre- 
written, among many other technical paper war variety, gives practical suggestions for the 
ks, “Elementary Internal-Combustion maintenance and operation of cars with the fuels 
ving as treasurer of the SAE Oregon Sex now available to civilian users. He also mentions 
“6 several minor changes that might be made in 
baritone: changes in gasoline, particularly in design to secure more satisfactory engine op- 
volatility and antiknock quality, have affected — eration. 








Technical Approach to 


UTILIZATION of WARTIME MOTOR FUELS 


by W. H. PAUL 


Professor of Automotive Engineering, 
Oregon State College 


past year, as a result of war needs for always been its great uniformity rather than diversity. 

it has been found necessary to alter some From place to place and from one similar season to another 

and chemical properties of motor gasoline iis quality has been held to such uniform specifications 

make available certain light petroleum fractions that the average driver could not distinguish between dif- 

such items as high-output fuels, synthetic rub- ferent brands of similar grade. True, changes have been 

sives, and plastics. These changes, particularly in made in motor fuel quality, such as the gradual upgrading 

d antiknock quality, have so markedly affected in octane number in the years just preceding the war, but 

of Our motor-car engines that every vehicle all like grades underwent the same changes at virtually the 

| aware of impaired performance. same time. Strangely enough, that same practice is being 

er has been prepared, partly as an historical followed today in that the quality of all domestic gasolines 
the properties of present-day gasoline, but has been quite uniformly degraded. 

nalyze engine performance in the light of these Especially Significant Properties —\t is now well estab 

nd 


| to suggest means and expedients that opera- lished that the important properties of gasoline comprise 


apply in attempting to secure highest possible the items of detonation resistance, volatility, and purity. 
irom these admittedly inferior fuels. These are the properties that can be specified to control 
rtant properties of motor fuel are discussed and engine performance and life adequately. 
gasoline is compared with that of the pre-war Purity includes sulfur content, gum, and any extraneous 
inalysis of the volatility problem is covered in undissolved material like water and dirt. Sulfur, reported 
ind the results of warm-up studies from road as a percentage by weight, is an undesirable constituent of 
eported. Suggestions are made for modifying gasoline because it tends to form mineral acids that corrode 
tion of engines with typical induction systems vital parts of the engine. Gum, a resinous substance with 
hints are offered on maintenante, operation, varnish-like odor, is commonly reported in terms of milli 
nor changes that may be made in design to grams of gum per 100 milliters of gasoline and is an 
satisfactory engine operation with the fuels extremely objectionable agent when deposited on valves, 


to civilian users. piston rings, and the inner surfaces of induction systems. 
Although solid or liquid contaminants are obviously un 


2 Properties of Gasoline wanted in gasoline, little annoyance is experienced from 


ne 
? , 


, ‘al iis this source as ample precautions are usually observed in 
y of Gasoline — The outstanding characteristic 


es ; ; : handling the fuel from refiner to consumer. 
as we know it over the entire nation, has cere, i , : 
Volatility is generally thought of as the tendency to 
s presented at the SAI National West Coast Tran evaporate under given conditions. The condition under 
nance Meeting, Portland, Ore., 


Aug. 25, 1944.) which gasoline evaporates in a carbureting engine is in the 
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TEMPERATURE , F 


.e) 20 40 60 80 100 
PER CENT EVAPORATED 


a Fig. |-Typical ASTM volatility curve for gasoline 


presence of air. This fact is the key to the solution of the 
now existing volatility problem and wil! be discussed in 
some detail later. The volatility of gasoline is usually 
expressed as a temperature at which a certain percentage 
by volume is evaporated over its own liquid at atmospheric 
pressure. The well-known ASTM distillation curve, of 
which Fig. 1 is a typical example, has been used extensively 
for many years to indicate the range of boiling tempera- 
tures of gasoline whose volatility range is roughly between 
100 F and 400 F. 

Detonation resistance or antiknock value of gasoline is 
the tendency of the fuel to resist abnormally rapid burning 
as the combustion process nears the end of its travel across 
the combustion chamber. The octane-number scale is now 
the accepted standard by which this detonating tendency is 
measured for gasolines under 100 octane number. 

Present-day gasolines will now be compared with those 
of the immediate pre-war period chiefly in the light of 
these briefly discussed properties. 


m= Present and Pre-War Gasolines Compared 


Sources and Treatment of Data-In Fig. 2 are shown, 
in bar diagram form, comparisons of average pre-war and 
present-day gasolines for the ordinary laboratory inspec- 
tions of gravity, vapor pressure, sulfur, and gum. 

Data for these averages were compiled from Federal 
surveys, institutional laboratory reports, commercial labora- 
tory tests, and the author’s personal data. 

For all inspections indicated in Fig. 2, except those for 
pre-war sulfur, regular-grade and premium gasolines were 
averaged together as a single fuel. This was done’ because 
final averages disclosed such similarity between grades for 
these particular fuel qualities, there seemed no point in 
differentiating between regular and premium fuels. 


Gravity — The Institute (API) 


American Petroleum 








gravity 
liquids. 


is an index of the relative weight or dens» . 
On this scale increasingly large numbers jp, # 
liquids of decreasing density. An API gravity of , a 
cates a liquid as heavy as water, and an API gravity ore», 
than 10 indicates the relative weight of a 1 lich 
than water. 








Quid lich, 


Gasoline, which is normally about three-fourths as } 





as water, has an API gravity of approximately & 
be noted from the chart that average present-day 
has an API gravity of 55.5, which makes it slig 
than its pre-war counterpart. The differenc 
not especially significant. For example, a 60.3 AP] 
fuel weighs 6.18 Ib per gal, while one of 
weighs but 0.13 Ib less. In terms of heat energy this ; 
sents an additional 2650 Btu per gal, which is ont 
of benefit to the consumer. Expressed in terms 
economy this amount of energy could give an addi 
0.5 mpg, other items of utilization remaining t 
Poorer fuel mileage with wartime gasoline cannot 
fore, be laid to gravity. 
















Vapor Pressure — The vapor pressure of gasoline 
in pounds per square inch gage at 100 F as observe 
Reid bomb according to standard test procedure. 






values range from 5 to 12 psi, with a normal averag 
ning about 7.5. 





This pressure is an index of the pr 
of “wild” or low boiling compounds in a motor fu 
for this reason it has been used widely as a corr 
agent in predicting the vapor-locking character 
gasoline. As an example, a fuel having a Reid 
pressure of 8.5 psi should be free of vapor | 
line temperature is kept below 130 F at sea le. 
altitude is less with 
temperature. 










INK 






than 8000 ft normal atmos 












The slight increase in vapor pressure between | 
and present-day gasoline indicated in Fig. 2 is not 


cant of any appreciable additional hazard in the of 
of carbureting engines. Vapor pressure can, therefor 


























disregarded in any consideration of significant char 


fuel quality. 
Sulfur and Gum — These two items of purity, 


briefly described, may be considered under one 
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a Fig. 2-—Comparison of pre-war and present-day gasciine 9° 
ties 
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ere intended as it is only desired to com- 
| for the two periods under consideration. 
n to Fig. 2, it is seen that the compiled 

gasolines, pre-war and present, to con- 
y 0.1% sulfur by weight. This is a well- 
ciently low value to ensure corrosion-free 
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meets the older conservative government 
S. Army Specification 2-103B for motor 
allows 0.25% sulfur. 

sum content of 2 mg per 100 ml of fuel, 
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Fig. 2, is eminently low for trouble-free 
1y Specification 2-103B, referred to above, 
mum of 7 mg. 
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x then for the items of fuel quality reported 
reneral statement can be made that no dele 

n engine operation should be encountered 
inges which may have been made in gravity, 
, sulfur, and gum. 


+t ACCELERATION™— 
WARM UP 
i ! 
+ — 
| | 
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Resistance — Fig. 3 compares the average 
xs of gasolines marketed in 1941 with those of 
On the left are shown grades of third-structure, 
1 premium with indicated octane numbers of 


l 





These averages represent the approximate 
ever attained by each grade in their steady 


th 


he past decade. To the right are shown the 


TEMPERATURE AS DEGREES FAHR. 


1s of wartime regular and premium gasolines 
octane numbers of 71.5 and 75. 





nce apparent that present-day premium fuel is 
in knock resistance to pre-war regular grade. 
the two classes of fuel are now separated by only 
imbers instead of 9 as before. If the statement 
the least change in knock resistance that the 
t is one effected by a change of 3 octane num 
seem futile from this standpoint only to pay 

nal price for present-day premium fuel. 
ipal reasons for lowered knock ratings are due a Fig. 4— ASTM volatilities of pre-war and present-day 
of light fractions from the gasoline and to 
t of tetraethyl lead for use in domestic gasolines. 
mber 1, 1943, the Petroleum Administrator for 
upper octane-number limit of premium gaso 
pegged all regular grade at 72. Savings in 











PER CENT EVAPORATED 


gasolines 


lead result not only from the lesser amounts 


used pe! 
gallon but from gasoline rationing as well. When it is 
realized that 1o0-octane aviation fuel requires about 4 cc 
| per gal, the need for lead curtailment can be realized 
Although the effect of this lowered octane rating on 


PRE-WAR,.194]1 PRESENT. 1944 “gine performance is decidedly noticeable, even a little 
) ? 


annoying at times, it does not affect the 35-mph level-road 


or te 


emt 
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Pree 





operation of passenger vehicles, as their octane requirement 
at such low load factors is considerably below 70. The 
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audible detonation, occurring under conditions of accelera 
tion and climb 1S usually ol such short duration and low 
intensity that no harmful effects occur. It only under 
conditions of sustained high-intensity knock, with resulting 
high cylinder and valve temperatures, that detonation 
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is 
liable to pass into pre-ignition, which, if abnormally severe, 
can cause engine failure. 
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Properly trained truck drivers can avoid this situation by 


a 


ws 
hel 


intelligent manipulation of gears to keep engine rotative 
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speeds up to recommended values, thereby ensuring maxi 
a 
mum cooling and minimum knock. 
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The additional “ping” may be a reminder that the lead 
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shortage in our gasoline has been added to a fighting grade 


SSS > > 
SANSA S 


>> 


performing service in a plane on some battlefront! 
Volatility -By far the greatest change that has taken 
place in gasoline, and one that is disconcertingly apparent 
erage octane ratings of pre-war and present-day to every motor-vehicle operator, is the change in volatility 
gasolines To illustrate what marked differences exist between today’s 
motor fuel and that of 1941, Fig. 4 has been prepared from 
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m Fig. 5—ASTM and corresponding equilibrium air volatilities of 
pre-war and present-day gasolines 


the reliable compilations heretofore cited. It should be 
stated here that these volatility data apply particularly to 
the Pacific coast area where the volatility is even lower 
than in other parts of continental United States. 

The three lower curves represent the familiar ASTM dis- 
ullations of pre-war third-structure, regular, and premium- 
grade gasolines, while the upper curve indicates today’s 
average motor fuel, whether it be regular or premium. 
There is so little difference in volatility between these two 
fuel types, that a single curve can accurately describe them 
both. 

In studying these curves, one is impressed by the fact 
that the volatility of present-day gasoline has been lowered 
over the greater portion of its boiling temperature range 
and that it is now inferior in this respect to pre-war, third- 
structure grade. It is further evident that little change has 
been made in the shape of the curve below the 10% tem- 
perature. This similarity is by no means accidental as the 
boiling temperatures of this lower 10% fraction control 
two important operating characteristics of the carbureting 
engine, namely, starting and vapor lock. 

1See Report of Investigation No. 3758, U. S. Department of 


Interior, Bureau of Mines, June, 1944, “National Motor-Gasoline 
Survey, Winter. 1943-1944,” by O. C. Blade. 


@ Volatility Problem 


Effect of Volatility on Engine Performance ~§o my 
known concerning the effect of gasoline volati 
performance that fuel designers are now 
with the limiting values of temperature whic! 
in constructing a fuel to meet requirements { 
engine operation. Some of the performance 
can be controlled by fuel volatility include start; 
up, acceleration, cruising, crankcase dilution 
loss from tanks, fuel consumption, mixture 
and volumetric efficiency. 

It is beyond the scope of this paper to explain j, 
how or to what extent, volatility can influence each 
performance factors, but it should be made clear that 
ever the volatility of gasoline deviates fron 
narrow limits of established pattern, any, o1 
performance characteristics may be noticeably affect 


ALU 


itY ON er 
ute familia. 
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Referring again to Fig. 4, there will be noted four 
cal scales within the diagram, named from left 1 
starting, acceleration and warm-up, cruising, and cran} 
dilution. Numbers on these vertical scales indicate | 
heit atmospheric temperatures. At the point of inters 
of each of these scales with the ASTM distillation 
the atmospheric temperature below which trouble 
is read. 

As an example, all curves cross the starting scal 
which indicates satisfactory starting (in 10 revolutior 
this, or any higher, atmospheric temperature but 
factory starting when the atmospheric temperature is } 
7 F. Complaints have been made on the starting char 
istics of wartime gasoline, but it is the writer's 0 
based on experience and an analysis of the data ay 
that such difficulty can likely be traced to causes other 
fuel quality. 

Intersections on the acceleration and warm-up 
reveal some interesting facts. It can be seen that an al 
pheric temperature (not underhood or carburetor 
temperature) of approximately 70 F is necessary f 
ceptable acceleration and warm-up without use 
choke. This temperature is approximately 30 F 
than that required for pre-war, third-structure gasoli 
fuel known to possess poor warm-up characteristics. 

The cruising scale indicates a requirement of 
atmospheric temperature for backfire-free operatio1 
level road at 55 mph. This requirement is, of course, | 
a cause for concern with 35-mph speed limitations, s 
as smooth operation is concerned. However, du 
greater influence of poor distribution, combustion maj 
incomplete, and thus adversely affect efficiency. 

From the’standpoint of fuel volatility, Fig. 4 indicates 
freedom from crankcase oil dilution with the \ 
gasoline. This is at variance with numerous re} 
operators claiming increased dilution, dating 
approximate time when jow-volatility fuels app: 
dilution is probably traceable to operational 
such as more cold starts per 100 miles and decr« 
tiveness of crankcase ventilating systems at lowe! 
rather than to an excess of heavy ends in the fu: 

A study of the three pre-war gasolines, as 
relation to one another and to the present gasolin« 
coordinates and scales of Fig. 4, should be of int 
reader. Most difficulties experienced with wartin 
are explained by the differences between these cu 


Equilibrium-Air Volatility — The conventional! 
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ureting engine is Cc . > Car- 
bureting eng 1 composed of the car e Warm-up Road Tests 
nultiported inlet manifold. Starting from ne 
uid fuel is drawn from the carburetor jets Types of Inlet Manifolds —- Although inlet manitolds may 
. the inflowing air, to the end of the com- be classified in various ways, according to some special 
evaporation of various portions of the fuel feature, such as direction of draft, shape, and number otf 
ice. Obviously, the fuel is being evaporated ports, attention is especially directed here to their indi- 
ere of air, and undee each conditions the vidual differences on the basis of the means used to transfer 
law controls the pressure of the fuel vapor aka tea 
tly the boiling temperature of the entrained The four mediums available for carrying heat to the 
, mixture are (1) the underhood air, (2) the jacket coolant, 
« problem of determining the temperatures 3) the lubricating oil, and (4) the exhaust gases. To 
is percentages of the fuel evaporate under these might be added the metal of the engine block. No 
nditions, when the air-vapor ratio is varied single manifold design uses any one of these mediums to 
flammable limits of 4 to 1 and 20 to 1 was the exclusion of all others, but many incorporate com 
the Bureau of Standards about 15 years ago binations of two or more with a preponderance of one. 
that investigation were reported by O. C. As an example, the design shown at 4 in Fig. 6 1s 
From this work it is now possible to calculate commonly known as a water-jacketed type, but heat is also 
\STM volatility, the so-called equilibrium air transferred to the mixture from the exhaust gases through 
es for a wide volatility range of gasolines. the exhaust pipe and the cylinder block. 
have been constructed in Fig. 5 for wartime The exhaust heated inlet manifold at B (Fig. 6) is the 
pre-war premium grade. These represent closest approach to a pure type, but even this design 
olatility and will be discussed with special receives some heat from the surrounding air and the 
the present warm-up and acceleration problem. engine metal, particularly in the manifold branches leading 
from the hot spot. 


heat to the fuel-air mixture and control its temperature. 


two curves of Fig. 5 were calculated for 1 


ratios and a total pressure (air plus vapor 


3 
) 


The intake manifold on the V-8 engine, C (Fig. 6), 
sphere. 13 to 1 is a power mixture and is receives most of its heat from an exhaust jacket imme 
d for accelerating performance. Looking diately after the carburetor, but the mixture may also kx 
id curve for wartime gasoline, a temperature heated from such sources as the lubricating oil, underhood 
led in the engine manifold to evaporate all air, and the block metal. 
letely, assuming equilibrium conditions to Factors Affecting Mixture Temperature — Probably the 
most common method employed to control the fuel-air 
good distribution, on an equal quantity of temperature in the intake manifold is that used in the 
d to each cylinder, it is necessary that most of exhaust hot-spot system shown at B in Fig. 6. Here a 
- evaporated before it enters any leg of the inlet butterfly valve under the control of a bimetallic coiled 
This is the reason for placing the “hot spot” spring is positioned, according to spring temperature, to 
ly after the carburetor flange. bypass a generous portion of the exhaust gas around and 
work on volatility conducted at the University of across a rather smail section of the inlet manifold just 
van under the direction of G. G. Brown.’ and carried after the carburetor. As the bimetallic spring temperature 
t simultaneously with that done by the Bureau of increases, due to its proximity with the exhaust heat, the 
was concluded that approximately 75% of butterfly valve gradually assumes a positiori which closes 
uld be evaporated in the engine manifold to the hot-spot opening and allows direct flow of exhaust 
stactory acceleration. gases to the muffler. After the engine becomes warm, the 
figure is used with the upper ead curve of Fig. 5, exhaust heat is no longer needed and the mixture temper- 
that a mixture temperature of 112 F is needed. ature is controlled by a combination of the underhood air 
juilibrium conditions prevail. By equilibrium is and the cylinder-block temperatures. In some designs, 
no further evaporation would take place at this including modern engines, no automatic temperature con 
even though more time were allowed by trol is used with the exhaust-heated hot spot, and in such 
the manifold length. It is an accepted fact that cases warm-up may be slower due to the necessity of 
is not complete in engine manifolds and, restricting the size of these exhaust passages, which ar 
, somewhat higher than equilibrium temperatures open at all times. 
uintained. The inlet manifold referred to as the water-jacketed type 
significant observation that can be made from relies on the temperature of the cooling medium to regulate 
ves is that, due to their flatness. a small and control mixture temperature. If the coolant tempera 
temperature can increase, by an appreciable ture is increased, there is a corresponding increase in 
quantity of fuel evaporated. Thus, in the case mixture temperature. Actual test results reported herein 
urve for wartime gasoline if the temperature will show this relationship. 
| to 130 F, just 18 F more, the remaining 25% Finally, mixture temperature can be influenced to a very 
will be evaporated. This type of emelveie pro- marked degree by the temperature of the air entering the 
isis for design of intake manifolds adaptable to carburetor. This temperature is not always that of the 
ous known volatilities. underhood air. Intake cleaners and silencers have grown 
in size and mass to a point where they have considerable 
ransactions, Vol. 24, 1929, pp. 240-250 + (disc.) 250-2 heat capacity. The incoming air, in traversing the passages 
: —— ee Work at Bureau of Stand through these devices, is warmed in proportion to the air 
9 00 Midieen Bastetecier Ressanh Bulletin Me. 14 cleaner temperature. It is not uncommon to find a 30 F 
Volatility of Motor Fuels,” by G. G. Brow rise in air temperature through the cleaner-silencer unit. 
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Results of Warm-Up Tests—In order to compare the 
actual mixture temperatures during the warm-up period 


with those calculated in equilibrium air distillation for 






evaporated at equilibrium when the temperatur 
mixture is 105 F. Assuming equilibrium condit 
prevail in the engine manifold, which they do not, tx 
above data would indicate that the carburetor should : 
an 8.4 to 1 air-fuel ratio in order to produce a 13 


today’s gasoline, a limited number of road tests were made. 

Thermocouples were installed on the engine at three 
locations, (1) in the carburetor air horn, after the air 
cleaner, (2) in the mixture stream after the hot spot, and 


> 


(3) in the jacket coolant on the engine side of the thermo- 
stat. 






4 


vapor ratio at this temperature. As carburetors are seldom 
set this rich, it is evident that considerably less tha 
ot the fuel is actually evaporated at 105 F, 


Al 5 






an 





\ Lewis pyrometer with multipoint switch was used 
as the temperature indicating instrument. Tests were 
usually made in the early morning when the atmospheric 


temperature was lowest and after the car had stood in the 
open during the 1 
bulb effect, 





manifolds must handle excessively wet mixtures. 





Fig. 8 calls attention to the effect of speed on tl 
steady temperatures attained by the carburetor inlet air, tht 
mixture, and the jacket water. These observations wert 
made on a car having a water-jacketed intake 
and equipped with a 180 F thermostat. It is interesting ‘ 
note that the mixture temperature falls off with increa 
level-road speed. This fact might be useful in the & 
velopment of any device designed to increase mixtutt 
The procedure consisted of a 1-min stationary warm-up temperature. 
period at approximately 1000 rpm, followed by a level-road , : 
run at 35 mph in high gear. Readings of the three temper a Suggested Means of Improving Operation 
atures referred to above were taken at 1-min intervals until 
steady conditions were obtained. 






right. Although inaccuracies, due to wet 


are known to exist with this method of temper- 
ature measurement, 






. ecec 





the error introduced is practically 
id, therefore, results expressed as temperature 
differences should be reasonably accurate. 





constant ar 







High-Temperature Thermostats-One answer to ™ 
problem of low volatility is to increase the mixture tempe! 
ature in order to evaporate additional fuel. 

On water-jacketed manifolds, some advantag 
gained by installing high-temperature thermost 
cooling system. Fig. 9 shows two sets of warm 
mixture obtained under the test conditions previously 
temperature does not reach equilibrium until approximately By increasing the jacket temperature 15 F, the P 
1¢ min have elapsed; a length of time commonly greater carburetor temperature was increased from 74 to * 


than that required for short runs to and from work. despite the lower atmospheric temperature of 55 !nste 0 


Typical warm-up curves, such as those shown in Fig. 7, 
were plotted from the test data. It is interesting to compare 
the rapid rate of temperature rise for the jacket water with 
the lower rates of both the mixture and the carburetor inlet 
air temperatures. Further, it is seen that the 


Another significant observation brought out by the mix- of 65 F. Had the atmospheric temperature been 
ture temperature curve is the point of leveling off at 105 F. likely that the carburetor air temperature w 
Referring again to Fig. 5, the 13 to r air-vapor ratio curve exceeded go F. 
for present-day gasoline shows 65% of the fuel to be Of principal interest, however, is the rise in t 
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Varm-up curves from road test of 1941 model car hav- 
ng an exhaust-type manifold heater 
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m Fig. 9— Effect of jacket temperature on warm-up mixture tem- 
perature —tests with 1941 model car having water-jacketed mani- 
fold 


to 118 F, 
capable of evaporating an additional 12% of 


of the mixture from 110 The 8-deg rise is 
the fuel, 


In support of the reasonable accuracy 


according to Fig. 5. 
of the test methods here employed it was noted that the 
throttle response, although not up to standard, was greatly 
improved by effecting this temperature change. 

If the mixture temperature could be made to rise at a 


more rapid rate the warm-up period could be reduced. The 
1 


175 4 min, 
Attention 
the fact that thermostats set for this 
should with 


alcohol antifreeze solutions, as most of them boil below this 


F thermostat did reduce this time by about 1 
but better results than this should be obtained. 
called to 
contro] 


should be 


higher temperature not be used 


y 
n 


\ mperature. 


{djustment of Automatic Chokes ~ Another way of in- 


creasing the amount of fuel vapor in the induction system 


of an engine is to evaporate partially a greater total quan- 
tity of fuel. This can be done by metering a richer mixture 
Automatic chokes serve this function 
cold to 


Most of these devices 


from the carburetor. 
by reducing the air supply when the engine is 


approximately a 1 to 1 air-fuel ratio. 


are controlled by the exhaust manifold temperature, which 


serves to open the choke valve gradually as that tempera- 


ture increases. Adjustment can be made on certain types 


of automatic chokes which will cause them to remain 


This 
has the effect of maintaining the required richer mixture 


tor 


closed until a slightly higher temperature is reached. 


warm-up period. If 
the 


a little longer time during the 


properly adjusted the economy setting of carburetor 


will not be altered after the engine is warm. 
Clean Hot Spots — Engines equipped with exhaust heated 


manifolds and 16 F thermostats show almost the same 

















warm-up characteristics as those ot the water-jacketed type, 
as a comparison of Figs. 7 and g will show. High- 
temperature water thermostats do not shorten the warm-up 
time of engines equipped with this type of manifold, but 
the final mixture temperature is raised due to a warmer 
underhood condition of both engine and atmosphere. 

Somewhat better heat transfer from hot spot to fuel 
mixture can be expected, and realized, if the carbon is 
periodically removed from the hot-spot surfaces. This can 
be accomplishea best by sandblasting, but ordinary scraping 
is effective. No actual test results are available to show the 
effectiveness of this maintenance practice but opinion is 
offered that it would not completely solve the problem 
since little more could be done than to convert the surfaces 
to their original condition; a design based on the use of 
very uniform pre-war gasoline. 

Pre-Heated Inlet Air—One obvious way of increasing 
the mixture temperature is to increase the temperature of 
the air entering the carburetor. As the engine exhaust is 
the one source of quick heat, some form of stove (built 
around the exhaust manifold) that would permit the air to 
be drawn over this surface before entering the carburetor 
suggests itself as a possible solution. Such a device would 
have to include means to control or cut off this supply of 
warm air immediately after the warm-up period in order 
to avoid exceedingly high carburetor temperatures that 
could lead to power loss and vapor lock. 

Warm-Up Speed -— Another suggested practice for de- 
creasing the warm-up time is to increase the speed of the 
engine from the customary 1000 rpm to 1800 rpm. On 
engines equipped with exhaust-heated hot spots this would 
provide almost double the heat energy to both the hot spot 
and the jacket water. It is true that additional fuel would 
be consumed during the t-min warm-up period but by this 
time the automatic choke would be partly open and less 
gasoline would be used during the first minutes of travel. 

The problem of low fuel volatility is a serious one, since 
the combination of it and the decreased driving speeds 
contribute to engine wear. Low volatility, in itself, is an 
accident hazard. With 5000 cars per day being withdrawn 
from the country’s supply and with little hope of getting 
new cars before 1946, every effort should be made to 
increase the life of our transportation equipment. 

If serious attempts are contemplated by fleet owners and 
automotive service agencies to deal adequately with the 
problem of low fuel volatility, further detailed study should 
be made by them. Investigation should be extended to 
vehicles of different makes and to experimental devices 
designed to increase the mixture temperature and its initial 
rate of temperature rise. This paper does not attempt to 
cover the subject to this extent, but some of the general 
principles of the problem have been presented in sufficient 
detail to permit any interested operator or mechanic to 
apply them to his particular equipment. 


m Petroleum Resources 


Present restrictions in gasoline supply due to the war 
often cause questions to be raised conce rning the length of 
time that petroleum will be available. Although not directly 
related to the subject of this paper, it still seems appropriate 
here to make some mention of the world’s potential supply. 

Known Petroleum Reserves— During the past 10 years 
many authorities have commented on U. S. proved reserves 
and, almost without exception, those comments have pre- 


sented a rather discouraging picture of our dwip 
petroleum supply. It is indeed encouraging then, jp 
light of these predictions, to read Wallace E _ in ‘ 
American Scientust tor April 1944, who points out tha « 
common view of looking at our petroleum resource; Corks 
the static or petroleum reserves viewpoint, 








COMPietely 
misleading. , 

The story of U. S. petroleum reserves is commogly ; 
by simply stating that our known supply of crug 
amounts to approximately 20 billion barrels and , 


present rate of consumption, which is well over a }j 
barrels annually, that supply will be exhausted in aboy: ;. 
years. If it were strictly true that petroleum would }, 
practically nonexistant in this country 15 years hence, the, 
would indeed be cause for grave concern. Such j 


iy vel 


unlikely to be the case, however, for a number of reasoy 


Estimated Potential Supply —In the production of pet 
leum, it has been common practice to recover only aby 


40% or less of the total volume of oil in an original depos, 
leaving behind that portion which was difficult and 
to remove. Taking into consideration our proved reser 
of 20 billion barrels and all of the oil that has been take: 
from the ground to date (about 48 billion barrels), ¢! 
still remains in the earth beneath the United Star 
known quantity of crude oil amounting to something 
100 billion barrels. 
recovery, it seems certain that much of this will bec 
available over a period of years. 

While few new discoveries have been made di 


1UTINg th 


past three years, due in part to curtailment of explorat 


during a war emergency, there was yet an adequate su; 
There are well over a million square miles of unex; 
possible oil-producing land in this country alone. This ar 
is about equal to the total explored and producing terri 
covered to date. Past experience has shown that 

1-2% of the promising area tested has produced crud 
may then be justifiably expected to find 
from these unexplored regions. 

Now that man has discovered, and put into pract 
art of uniting gaseous hydrocarbons to form liquid 
carbons of higher molecular weight, it is possibl 
produce motor fuel from our large reserves of natural 
This process would not deplete the normal 


considera 


natural gas, as only the heavier, unwanted constituents ar 


removed for motor fuel. 
tively, that in the proved reserves of natural gas ot t 
U. S. there are the equivalent of 17 
troleum. 


vuthe rit 


It has been estimated 
billion bbl of | 
Here is a possible source of fuel for some 
In addition to our domestic proved reserves of some 
billion barrels, 


American interests have proved reserve 
other countries 


amounting ‘to at least an equal am 
These, together with the petroleum equivalent 


gas, total 57 billion bbl under the control of American * 


troleum interests. To this can be added the 100 | illion 

remaining in the ground for a total of 157 billion bbl. 
Outside the United States there are at least five m 

square miles of first-class oil-promising land. 


world’s total oil had its origin in formations under 
of the United States. The possibilities of petroleum ‘ 
covery are enormous and will be limited only by our a0 


to devise means and equipment to explore anc cevele: 


these undiscovered resources adequately. 





With improved methods of secondary 


Ext loratiot 
over the surface of the earth has hardly begun. Althoug' 
this country now produces over 65% of the worlds pet 
leum, time will probably show that less than 15% of! 


{ ‘ 
the $ 
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by MARVIN L. MICHAEL 


Test Pilot 


aiid SIDNEY R. SILBER 


Flight-Test Analysis Engineer 
Boeing Aircraft Co. 


High 





OW temperatures and pressures existing in the 
upper regions of the atmosphere have been 
the cause of numerous difficulties arising in high- 
altitude flight testing, some of which are discussed 
by these authors. 


Troubles with propeller feathering, for instance, 
have led to various measures designed to improve 
feathering at altitude, including relocating the 
feathering pump at a point beneath the oil tank, 
bleeding warm oil through the feathering line, re- 
ducing the feathering pump capacity, using a 
oropeller dome spinner, and faired-knee cams or 
reindexed standard cams. 


Several solutions are also suggested to the oil- 
foaming problem, which resolves itself into supply- 
ing sufficient inlet pressure and oil density at the 
pump to prevent reduction of pump efficiency. 





1 


rm “high altitude” has been used rather 


ribe the operating environment during 
iditions. 
in high-altitude operation are temperature 
We have, for example, spoken of contro] 


The principal environmental el« 
I } 


high altitude when we specifically meant 
ension at the low temperatures encountered 
Analysis of high-altitude flight operations 
irefully distinguish between the effect of 
ressure, and combinations of these and other 
ictors. 
tance of taking into account the length of 
uirplane is flown at altitude has been largely 
the past. Successful high-altitude flights have 
| by one flight crew, while another flight crew 
unsuccessful operation. Investigation has re- 
length of stay at altitude was the determin- 


1 


these cases. 


# Cable Tension 
lem of rigging control cable systems has not 
for low-temperature operation at high alti 
n the employment of automatic pilot control 
v ambient temperature reduces the cable ten 
lifferential contraction of the aluminum-alloy 
| the steel cables. A change in cable tension is 


it the SAE National Aeronautic 


Meeting 


Altitude Factors 
in Flight Testing 


} 


not serious when the airplane is flown by 


the pilot, since 
he can readily correct for any slack by applying slightly 
more control movement. However, an auto-pilot operating 
trom the displacement relative to a gyro applies a fixed 
movement at the servo motor, and the resultant excessive 
slack produces insensitive control and improper coordina 
tion of the various control systems. 

In the case of the aileron cables, the tension drop may be 


partially counteracted by an increase in the 


airplane becomes airborne. This initial increase was quite 


tension as 


pronounced on a recent test of a large bomber, amounting 
roughly to 20 lb. The initial rigging load was 100 |b. 
the rudder and elevator 


noted. 


For 
, 
. no similar increase in tension 


In those tests, it was also noted that the tendency 


Was 


toward slackness was aggravated in the rudder 
cables by the Tact that at altitude the cabin air te mperatures 


| 
were considerably warmer than the outside air tet 


and elevator 


np 


rature, 
hence the cables were 
The pilot 


system was less severe 1n the latter systems, since the rudder 


: 
much warmer than the body struc 
; Sar c ble slacl a nie ae 
ture, effect of cable slacK on the automat 


and elevator servo motors were locate d close to the ir respec 
tive control surfaces. 


that a 5! In 


the 


Resul oe | j ee 
Xesults of these tests shower crease in the 
normal rigging tension w and 


as required for rudder 


elevator systems to prevent slack at 


ture of 60 C. No 


an outside alr tempera 


Treat 


increase in aileron tension was 


required. 
Consideration is 
11] 


ADC 


now being given to the use oO! 


o go possible 
1 1° | b | 

tension equalizers which would prevent cable slack 
vithout requicine « ict EE oe Ree 
If ut requiring a high cable rigging tension. 


Lubricants 


Freezing of trim tab controls under conditions of low 
temperature was noted in the ear] 
flight testing. this 
and equipment during and immediately 
after flight under cold conditions led to the de velopment 
of special 


stages of high-altitude 
The need for satisfactory ope ration of 


other types of 


low-temperature lubricants. 


These lubricants 
were required to perform at low temperatures and without 
melting and running later on when high temperature limits 


were imposed. 


Beaconlube M-285 was one product found to fulfill these 


requirements satisfactorily. After lubricating the trim tab 


: ; 
systems with this grease, normal forces 


at that 


operating were 


obtained at 25,000 ft and 


> after 1 hr altitude. 


Two flights were then made to 40,000 ft, where tempera 


Under 


55 ¢ 


tures of 61 C and 74 > 


conditions, the tabs froze. 


were recorded. these 
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The application of this lubricant to the bomb-door oper- 
ating system allowed constant opening and closing rates at 
temperatures ranging from 20 C to —50 C, whereas the 
use of the standard lubricant resulted in a 200% increase 
in operating times at the low temperature. Likewise, the 
difficulty encountered in extension of the landing gear and 
flaps, following a rapid descent from high altitude, was 
alleviated by use of the special lubricant. 


= Humidity Measurement 


Humidity measurement at high altitude has been at- 
tempted in conjunction with tests to obtain information on 
heating and defrosting systems and the electrical break- 
down characteristics of air. Several very ingenious methods 
have been employed with only recent evidence of success. 

An initial attempt was made in the direct use of wet and 
dry thermocouples located in a cabin air duct to prevent 
freezing of the wetted wick. However, the relatively low 
humidities being measured required careful design in the 
hygrometer to prevent conduction and 


radiation effects 
from 


causing erroneous indications of the wet-bulb thermo- 
couple. This approach was not pursued further because it 
was believed the desired accuracy could not be readily 
obtained. 

The use of a recording hair hygrometer has been tried, 
but was discarded as a result of the poor vibrational char- 
acteristics of the instrument. 

Some success was obtained by the use of 


a dew-point 
indicator consisting essentially of 


a polished metal plate 
whose temperature is reduced just to the point where dew 
or frost forms on the surface. When this occurs, the tem- 
perature of the plate is measured and recorded as the dew 
point of the surrounding air. A carefully controlled dis- 
charge of COz is used to reduce the temperature of the 
plate, and thermocouples imbedded within the plate are 
used to measure its temperature. This device was used 
recently in conjunction with window defrosting tests and is 
believed to have supplied satisfactory information. The 
primary Ri lcadina of it is the complication of a COz 
system and the extreme care required in its use. 

The most practical solution has been found in the recent 
use of a Frieze hygrometer element.! 

Essentially, this hygrometer consists of a lithium chloride 
coating on a polyvinyl base with metal contact strips on 
either side. The lithium salt with the moisture which it 
takes up from the air forms an electrolytic conductor on 

'See U. S. Bureau of Standards — Journal of Research Paper (RP 
1265), Vol. 23, December, 1939, pp. 701-714: “An Improved Electric 
Hygrometer,” by F. W. Dunmore 
2See U. S. Bureau of Mines Bulletin, No. 279. 1931, 


Inflammability of Gases and Vapors,” by H. F 
Tones 


“Limits of 
Coward and G. W 










the surface between the two metal edges. The variatio 
resistance with humidity gives the measure desired. 7, 


unit must be calibrated for various temperatures, [p ,, “ Y 


Fe 















ex 
to prevent polarization effects, an alternating curren, e 
used. For the particular element used, the voltage appl co! 











was varied to obtain a current of 100 micro aM ps sal 
voltage converted directly into the resistance by - 
placing of decimal points. This device is toh 
satisfactory over a range of 30 C to —60 C. 

The few measurements made gave indications of rely, 
humidities of less than 5% at 35,000 ft. 











believed 




























m Exhaust Systems 


The trend toward use of fully enclosed exhaust systeq, 
in turbosupercharger installations as required for max, 
mum aerodynamic cleanliness, as well as enclosed syste 
used as the primary source of heat for cabin heating sy 
tems, has introduced an important altitude factor in fig 
testing. The seriousness of the problem arises from ty 
high internal shroud temperatures resulting from ina. 
quate cooling. These temperatures constitute a serioy 
nacelle fire hazard due to normal leakage of oil 
possible leakage of gasoline on to the shrouds. 

Present design practice limits these shroud temperatur 
tu 500 and 600 F, which is below the ignition point; 
oil and gas vapors.” For low-altitude operation, satisfacton 
cooling may be secured by the use of louvers or cooling 
ducts judiciously arranged. However, as altitude 
creased, two factors tend to increase shroud temperature 














and the 


























1. The reduction in weight flow of cooling air result 
a slight upward trend of temperatures, which on some 
amounted to approximately 3 C per 1ooo ft, and 

2. Exhaust gas leakage increases as a result of the: 
with altitude of the differential between exhaust 
atmospheric pressure. 
























































The increased possibility of exhaust gas leakage 
ably made more serious by the high velocity impingement 
of exhaust gases due to this increased pressure differenti 
The rise in shroud temperatures with altitude, resulung 
from the latter cause, is very erratic, probably becaus 
variation in exhaust gas leakage due to vibration, and ms 
amounted to a temperature increase of 110 C in 2 


















































Double internal shrouding, positive convection cooling 
and careful maintenance of exhaust systems are still 
partial solutions of the problem. 





























m Torquemeter Operation 





From the outset of the use of torquemeters it was «i 
covered that gage indicating systems would not functio! 
if the gage line, particularly the nose section, was subjectt 
to outside air temperatures below 10 C. For ll pract 
purposes this made the torque nose useless except as 4 
laboratory or test-shed piece of equipment. 
dients to overcome the difficulty, 
lines with 
































Early expe 











he cag 
such as filling the ga 
various low congealing fluids, offerte 
nothing but a momentary cure. 








point 














Accordingly, an engine-nose-mounted chamber incorpe 
rating a thin neoprene diaphragm was devised. 1% 
diaphragm effectively was found to separate the engine ° 
in the torque nose from the light gage line fluid, such * 
kerosene or hydraulic fluid, and was found to be a solu 
to the problem, although subject to the difficultic — 
to diaphragm-type systems; 


















































perforation of 


namely, 
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a result of line leakage or as a result of were installed on the forward end of the gage lines. Solvent 
ires built up during servicing. (Union thinner No. 7), mixed with sufficient hydraulic 
lvent of a mew governor and propeller fluid to provide some lubrication for the hand pump, is 
inaccountable diaphragm failures became used for servicing. Servicing has been found to be required 
were so frequent and such a nuisance that only at the beginning and end of each flight. 
e system was developed. This incorporated Installations of the above system have been made and 
mounted separating chamber to which the have given very satisfactory operation at high altitude. 
gage line was connected, both the chamber From a maintenance standpoint the system is tremendously 
being filled with a 50-50 solution of glycol superior to all others previously use d, principally because 
1quemeter oil pressure was admitted to the 98% of the routine servicing and shop maintenance work 
imber through a small orifice. The immisci- has been eliminated. ; 
as the difference in specific gravities of the 
ted engine oil from reaching the gage line, 


, : = Propeller Feathering 
the orifice was of such size that fluid turbu- 


ng was prevented. As this system was being Flight tests have recently been made to improve pro 


it was discovered that the unaccountable 
lures with the new propeller-governor com- 
due to excessive negative pressure surges in 1. An unprimed condition of the feathering pump. 


peller feathering at altitude. Three separate troubles were 
isolated: 


ose, which perhaps occurred at the time of 2. Congealed oil in the pump and inlet line. 
or stopping the engine. The clue to this 3. Congealed oil in the propeller dome. 


that diaphragm failures of this type ceased The fixed factors in these tests were as follows: 

| supply line was introduced for the purpose t. Nose oil pressure adjusted to 50 psi as indicated on 
g propeller governing — governing trouble also the engineer's gage at 1500 rpm and 28 in. of mercury 
d with the new combination. mesiiela pressure. 
glycol-water system appeared to have definite 2. Pressure limit switch set at 600 psi. 


idvantages over the diaphragm system, the 2. Propeller distributor valve set at 000 psi. 


was discontinued in spite of the reason for 4. Feathering pump relief valve set at approximately 
1 failures having been found. [200 psi. 
and water system has been used satisfactorily The variable factors were 
to 40,000 ft and at all outside air temperatures oe . leed 
' ‘ i Sed 1. Feathering line bleed rate. 
een encountered. Reservicing of this system Steeem Shen ‘des 
, ston bleed rate. 
is advisable. | 
; , : ’ Rate of heat loss from feathe ring line. 
ent of the 3350-type engine, which incor Rate of heat loss from propeller dome. 
terna hinge like neopre ne sac k. it was hope d Indexin . betwee n piston ind cam 
tory operation similar to that obtainable with Sl ciesiell innit ‘ 
. . “ onary Cc ° 
system could be obtained. Unfortunately, S aeotinn af foatierine 3 ump and method of 
baa 1m x ; ZOCaAltlO athering |} anda 1 Cnhod Ol 
case. The sacks were found to fail either 
vs ‘ 1: pump with oil. 
servicing pressure along the line of their RB Wack dk ctecabettnn ail teatdn ween 
1s _ aa ating | 


ht fluid used in the gage lines. The ultimate 


They also failed as ; F Noor re ; - : 
ley a led as a result of poor resis 9. Capacity of feathering pump. 


S | 


Tests were made to evaluate each of these variables in 


the so-called one-piece sacks and the use Sate ; 
‘ , terms of a practical solution to the propeller fe ithering 
water in the gage lines eliminated these 
tan Stee : problem. 
her difficulty encountered was that the sacks vs ; 
lien] . . : Che earlier tests were made at constant altitude, but 
lisplacement as compared to the diaphragms al ' 
. experience indicated that better correlation between tests 
used on the 1820-type engines. Accordingly, as als ; 
7 
q 


; . -d if the made vhatever altitude was 
uid contraction, fluid leakage, or poor ser was obtained if they were made at whatever altitude wa 


] 


3 eee . . ¢ required to give constant oat. The propeller was ieathered 
ly satistactory operation was something ol ‘ : 


te 


from a standard initial engine condition of 1500 rpm and 


+ 


ite of this, however, this system was used for 14 > 
: ° “1: . IS in. of mercury manifold pressure, with sufhcient power 
period and it was not until it was discovered - . I I I 


« 99 being held on the other engines to maintain 160 mph 

ersonnel were “preloading” the sacks when ' ‘ = “—— 

7 ff : for 1 -k indicated air speed. This initial condition was maintained 

an effort to make up for inadequate sack ‘ wht ' “e 

tt a ror approximate 3 mi rior to each feathering attempt. 
hat a change was made. The laboratory tests ge icine soe fl nape ; Wh I : 

preloading (initial stretching) of the sacks Che unprimed condition of the feathering pump, which 


vemenil — | , 1 onl » of 
, a - - ; < < ic, w19d8nea ni yecaus « S 
1 very considerable error in bmep readings, the occurred at low altitude, is mentioned only because of it 


with the amount of preload. relationship to the high-altitude feathering problem. This 
impetus the use of sacks was discarded in condition was evidenced by: 
ystem permitting a reservicing of the gage lines 1. Lack of rpm response, indicating no change in blade 
hand pump and reservoir were installed at the angle. ro . 
the torquemeter lines, permitting the photo 2. Failure of feathering button to release automatically. 
rver to pump fresh fluid through the lines and 3. Low pump motor current. 
ne noses as occasion required. It was foreseen 4. Little or no feathering pressure. 
igealing at the point of attachment of the gage Originally, the feathering pump was mounted in the 
nose would probably either occur or would nacelle just aft of the engine and above the main oil line, 
ery frequent servicing. Accordingly, automatic and drew oil for the feathering operation from the oii 
rs directly connected to each engine generator manifold. This installation apparently resulted in excessive 


o 








pressure losses from the tank to the feathering pump inlet. 
This difficulty was corrected by relocating the feathering 
pump beneath the oil tank. 

The second type of feathering difficulty, caused by con- 
gealed oil in the feathering pump, occurred at altitude. 
The characteristic indications of this condition were similar 
to those manifested by an unprimed pump, except that 
the pump motor current was abnormally high instead of 
low. This trouble appeared to be imminent whenever the 
pump inlet temperature dropped to approximately o C or 
below. Closing the three nacelle ventilating louvers proved 
inadequate, while lagging and electrical heating of the 
feathering line were adequate but undesirable from a pro- 
duction standpoint. The final solution consisted of increas- 
ing the rate of feed back from the governor through the 
feathering line, by means of a No. 58 drill size bleed hole 
in the governor transfer valve, in conjunction with a No. 
53 bleed hole in the pump relief valve. The latter bleed 
hole reduces the feathering pump capacity, a measure 
found necessary in connection with congealing in the dome, 
which will be discussed later. It should be emphasized 
that bleeding can be relied upon to prevent congealing in 
the feathering line only as long as the engine is running. 
If the propeller remains feathered for even a few minutes 
at an oat below o C, the feathering pump is likely to be- 
come clogged and the propeller then cannot be unfeathered. 

The third cause of feathering trouble, congealing in the 
propeller dome, was most serious, and occurred only at 

40 C or below with the original test configuration. 
Punching of the feathering button was followed by: 

1. Some decrease in rpm, depending upon oat. 

2. Opening of the pressure limit switch prior to comple 
tion of feathering. 

3. Return to initial rpm. 


This condition r&sulted in premature, abnormally high 
feathering pressures and caused the 600-psi limit switch lo 
cated at the governor to open before feathering was com 
plete. Feathering under these conditions, however, could 
usually be accomplished by repeatedly punching the feath 
‘ring button, as fast as it popped out. Attempts to feather 
by holding the feathering button down, thus overriding the 
600-psi pressure limit switch, generally resulted in shifting 
of the distributor valve before feathering was complete, 
whereupon it became necessary to release the feathering 
button almost immediately to prevent overspeeding. 
Doubling the piston bleed rate to raise the temperature 
and reduce the viscosity of the oil in the dome resulted in 
appreciable improvement. Regulating the path of the 
bleed oi] circulation inside the propeller dome by means 
of a hemispherical baffle proved to be more of a hindrance 
than a help. Feathering difficulty due to congealing in the 
dome was satisfactorily eliminated by the following: 

1. Propeller dome spinner providing a t-in. dead air 
space. 

2. Faired-knee-type cams (or standard cams reindexed 
to 10-72 deg with blade angle of 2114-834 deg). 

3. Reduction of feathering pump capacity by enlarging 
the bleed hole in the pump relief valve to No. 53 drill size. 

Reduction of the feathering pump capacity, which in- 
creased the feathering time, was a compromise measure 
which was introduced in order to lower the feathering 
pressures and make possible one-punch feathering in 12 
sec after a 1-hr stabilization period at —55 C oat. It is 


understood that the faired-knee cam was primarily in- 





tended to extend the governing range rather than , 
prove feathering. 
faired-knee cam is about equal to the reindexed shar: 
cam. The reindexing between the dome piston ap 
sharp-knee cam, so as to use less of the high-an 
of the cam during feathering, gives a small but 
improvement in feathering. 

The additional bleeding introduced by the above 
figuration did not adversely affect governing. No unf 
ering difficulties were experienced in the course of 4} 
tests. 


m Oil Foaming 





From the feathering standpoint 4, 


K Tie, 


Oil foaming has been the subject of considerable fich; 
testing, with the test airplane operating at altitudes of oye 


35,000 ft consistently in the attempt to solve this difficu! 


While oil foaming in itself is a natural phenomenon ani 
may exist even at low altitudes without appreciable effec 


ir can actually cause failure of the oil system at hig! 
altitude. 


The first visual evidence of this is a rapidly increasis 


flow of oil foam out of the engine breather and over | 


4 


nacelle. The seriousness of foaming lies not in the act 


loss of oil through the engine breather, but rather in t 


effect on engine lubrication, principally through the ; 
cumbering effect on the oil pumping and the oil coo! 
systems. This is evidenced by the loss of oil pressure 3 
rise of oil temperature which generally occurs soon 
oil foaming starts. It is the control of these factors wh 
makes foaming so important. However, even in tl 
sence of external oil loss, the decrease of pumping 
ciency with increase in altitude is very prevalent 
affected by the partial aeration of the oil. 

The causes of oil foaming have been discussed tc 
extent in many recent publications. 
may be listed as follows: 


The general 


1. The sloshing and beating of thé oil within the e1 
results in a breakdown of the oil into fine partic! 
The \ 9 


of agitation here is apparently a very important factor 


bubbles in which the air becomes entrained. 


2. The necessarily excessive capacity of the scav 
pump returns a considerable quantity of air with th 
it pumps to the tank. The air and oil become thoroug 
mixed in the passage from the scavenger pump thr 
the oil cooler, and the lines and fittings to the tank 

3. The reduction in pressure within the tank as altit 
is increased allows the minute air particles to expand 


hence foaming becomes most evident and disastrous un¢ 


conditions of low atmospheric pressure. 
4. Moisture has sometimes been given considerst 
The effect, however, is believed to be very slight 


5. The chemical and physical characteristics of the ¢ 
are known to bear a definite relationship to the proble 
Solutions have been sought in numerous direction 
These attacks include the investigation of the following 


t. Oil tank and hopper redesign. 


2. Redesign of present engine-driven gear pumps 4% 


use of other types of pumps. 
3. Use of centrifugal booster pumps both at th 
outlet and at the engine pump inlet. 
4. Use of chemical solvents which increase t! 
release of the air from the oil. 
5. Oil tank pressurization. 
6. Crankcase pressurization. 
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natura 


No. 4 


of the oil tank with respect to the engine 


in line losses from the oil tank to the en- 
ators. 

ation of passage through the oil coolers by 
redesign. 

oil changes. New oil has been found to 
ible to foaming than old oil. 


to) 
possibility of using other types not subject 


ance of the gains to be made in gear pump 


ow inlet pressure condition, should not be 
(he entire problem appears to resolve itself 
supplying sufficient inlet pressure and oil den- 
mp to prevent the reduction of pump eff- 
extreme of complete cavitation. Pump 


becomes critical when the suction which the pump 


1 SS 


nave 


ted 
¢ in 


. 
1 | 
GC 
tor 

dal 
Miu 


ntl 
Ly 


WU 


Wh 


1se 


it its inlet port is less than the absolute pres- 
| at that point. W. J. McCann’ also describes 
lificulties of oil entrance into the gears before 
pumping action can occur. Added to the loss 
the increasing proportion of gas bubble to oil 
ng pumped through the system. While an in- 
temperature causes a reduction in the pump- 
ncy of the engine pumps, hotter oil allows en- 
to be released more easily than oil of higher 
[he Germans make good use of this theory in 
Wulf by having the hot oil from the engine 
rectly to a tank where it can release the entrained 
there, it is pumped through an oil cooler to 
pump. 
many of -the approaches to the problem listed 
shown some promise, those which have re- 


1 the greatest practical application have been the 


sign of the oil tank and hopper, the juxtaposition 


ik to the engine, and the use of lines which give 


m of pressure losses between the tank and pump. 


, the problem has been made more acute by the 


for front and rear pumps on the high-powered 
hich are now being introduced into more gen- 
Thus the added line loss to the pump has re- 
of one further step in the employment of tank 


The manner in which this is accomplished is 


wn. It merely requires the use of a relief valve 


vent 


the el! 


ece 6 
Ld 


} 
1} 


11 
rw 


line with a check valve between the relief valve 
gine. Pressurization results naturally by the 


pacity of the scavenger pump. Two or three psi 


ization results in large increase in performance. 
ld be taken to provide sufficient venting through 
valve during a rapid descent to preclude the 
f collapsing the oil tank. The design of the 
e should be such as to avoid a condition whereby 
| condense and congeal within the valve which 
in excessive relief pressure, or the converse, by 
valve open. The vulnerability of this system 
use is evident, but in the absence of other solu- 
will be forthcoming. 


ved by the authors that many designers are 
n their attempt to improve the oil pump inlet 
hrough the reduction of line losses by the ap- 


Restricted Bulletin, July, 1942, “‘Foaming and Aera 
t-Engine Oil Systems,” by W. J. McCann 
41, November, 1942, pp. 189-190: “Behav 
High Altitude,” by N. J. Clark 


parently little consideration which the engine manutfac- 
turer has given this problem. This was made evident in 
one instance where the inlet ports to the engine pump were 
of such a nature that only a small fitting could be used, 
and in addition there was a right-angle turn within the 
port before the entry to the pump was reached. 


m Electrical Equipment 


Some interesting information has recently been obtained 
from flight tests on the variation of the electrical break 
down characteristics of air at high altitude. The dielectric 
strength of air within the airplane up to 35,000 ft was 
measured by the discharge voltage across two spheres of 
2-cm diameter. Gap distances of 0.2 to 1 in. were tested. 
A comparison of flight-test results with the results of 
similar tests conducted in a pressure chamber indicated 
the following: 

1. The dielectric strength of air was generally greater 
in the chamber at the same pressure and temperature than 
at altitude. 

2. The difference becomes greater at higher altitudes and 
for larger gaps, amounting to approximately 5“ at 25,000 
{t for the largest gap. 

3. Humidity has no appreciable effect. 

4. The breakdown voltage was not affected by the ap 
plied frequency over the range of 60 to 400 cycles. 

During the course of the tests, the effect of corona was 
very evident in the test apparatus, and it required careful 
design of the equipment to avoid stray current losses by 
that means. The corona increased with altitude and with 
frequency. It was found that sharp corners in the high 
voltage circuits were the source of the difficulty. Produc- 
tion equipment may be similarly affected. Corona has the 
added disastrous effect of forming ozone, which reduces 
the dielectric strength of the air. 

Brush wear in motors and generators at high altitude 
has been subject to considerable recent flight testing. It 
should not be overlooked that aircraft commutators and 
brushes operate with at least five times the current density 
and at many times the rotational speed of standard elec 
trical equipment. 

Successful performance of fuses and circuit breakers at 
extreme low-temperature conditions require that they be 
located in proximity with the equipment to be protected. 
3y so doing, both the protecting device and the operating 
equipment will have their current capacity-versus-time re 
lationship change equally. It is a foregone conclusion that 
to obtain optimum protection the current capacity-versus 
time relationship, including the spread due to temperature 
changes of the fuses or circuit breakers, must be carefully 
matched with the motor or other device. 

The great amount of internal heating in voltage regu 
lators requires careful cooling of this equipment. Tests 
made at various altitudes show better results if the regula 
tors are left uncovered and are cooled by direct radiation 
to the surrounding cooler surfaces than if they are covered 
and cooled by forced convection. 

Recent literature* has referred to the possibility of crys 
tallization of fuses and wires operating at low temperature. 
This does not appear likely since they are being heated 
continually by their own current and no evidences of this 
phenomenon have been noted in flights to as high as 42,000 
ft and at temperatures down to —100 F. The additional 
cooling at lower outside air temperature, however, does 





permit a greater current-carrying capacity for wires with- 
out overheating. 

Reterence was also made to the necessity of pressurizing 
batteries; however, no evidence tor this need was found 
in flight at, and slightly above, 40,000 ft. There is, how- 
ever, a rapid decrease in the discharge characteristics with 
temperature reduction. For example, laboratory tests 
showed that one battery discharged 100 amp at 22 v for 
approximately 7 min at 80 F, while at —2o0 F the battery 
voltage at the same amperage dropped to 17 v, discharging 
for less than 2 min. 

Circuit breakers, relays, connector plugs, generators, 
electric motors, occasionally refuse to function on high 
altitude flights. It has been found that in some cases bind 
ing occurs because of the differences of coefficients of ex 
pansion of the various parts. When the airplane is returned 
to lower altitude and functioning is again checked, opera 
tion is often satisfactory because the parts have had time 
to warm up sufhciently to relieve the binding. If the pilot 
writes a squawk on these items, the ground crew cannot 
find anything wrong with the equipment, since it func 
tions perfectly on the ground. The equipment has, in most 
cases, been tested in low-temperature chambers by the 
manufacturer, but it is evident that these tests do not 
extend to as low a temperature as is required, nor does the 
equipment remain at those temperatures for sufficient time 
to constitute a good test. 

Even a simple toggle switch has given trouble upon 
descending from a high-altitude flight. The switch be 
comes very cold after a prolonged flight at altitudes and 
upon descending, moisture condenses and freezes on the 
contact point, providing just enough insulation to cause 
intermittent operation or to prevent operation of electrical 
equipment. 

Future flight-test programs are being planned to study 
further such factors as brush wear, commutator cooling, 
and motor and generator ratings at altitude. 


w Ignition Systems 


The results of high-altitude flight tests made by Boeing 
on aircraft ignition systems have recently been reported by 
Robert H. Olds. A few items will be briefly reviewed. 

Malfunction of the conventional, shielded, high-tension 
magneto and spark-plug ignition systems at altitudes is 
due to the decreased density of the air at altitude and the 
resultant loss of dielectric strength upon which the design 
of the system was originally predicated. Because the sev- 
eral component parts of the ignition system were .approxi- 
mately equally marginal at high altitude and are inter- 
dependent upon one another, the results of testing of one 
item inadvertently necessitated further testing of all items. 

Harness supercharging, when used with the conven- 
tional, shielded type of spark plugs to suppress flashover 
within the spark-plug well, has proved very successful. 
Increased cable life and protection from moisture also re- 
sults from the use of a supercharged harness. 

For high-altitude military airplanes it has been found 
desirable to hold relatively constant absolute values of har- 
ness pressure rather than a fixed pressure differential above 
atmosphere. This has been accomplished by using turbo 
discharge air as the intake source for the dry air pumps. 

Continuous satisfactory ignition at high altitude, with 


5 “High-Altitude Flying at Boeing Aircraft Co.,” by M. L. Michael 
Presented at Annual Meeting of Aero Medical 
Indianapolis, Ind., Sept. 4-5, 1942 


and Dr. W. E. Russell. 
Association of U. S., 
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spark-plug gaps in excess of 0.020 in., was obtained 
the use of supercharger ignition harness. The use of wis, 
spark-plug gaps generally requires that the : Lagnetos al 
distributors be supercharged to prevent flashover betwee 
parts of high potential difference. Both Bosch ay 
tilla supercharged magnetos and distributors 
used satisfactorily. 
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The distributor block cable wells, which are 
surized on current designs, have been a source o| 
cue to flashover from the edges of the ferrules to 
tributor shielding. The best solution to this proble; 
in the use of an insulating compound such as Scint 
during installation of the cable ends. 









Current tests on the suppression of spark-plug well 4, 
over indicate that sealing the spark-plug well or fillir 
well with a dielectric compound may be superior | 
charging. 







The latest development along this line con 
of filled spark-plug wells with integral filled leads attac 
The compound is metered into the well at the factory y 
controlled conditions and the spark plugs and leads , 

nently assembled. 









This arrangement presents addit 


JUL 





problems of supply and spare parts since new plugs 
necessarily include new leads. 







Still another promising development on the spark-plug 
well problem is the HA type of spark plug made 
These are one-piece ceramic plugs which provide a 
electrical seal between the top of the centerwire ter 
and the metallic barrel shielding at the top of th 
High-altitude testing of these plugs has resulted in s1 
engine operation at altitudes up to 35,000 ft with g 
excess of 0.020 in., and indications are that an ext: 
long service life may be expected, provided the 
sleeves do not prove susceptible to deterioration. 

It appears possible that spark-plug developm 
improvements in ignition cable may result in the ¢! 
tion of the supercharged harness, particularly on t! 
higher-powered engines, where its complexity 
greater air leakage. 





















































mw Physiological Aspects 


The Boeing Aircraft Co. has probably done mot 
flying at and above 30,000 ft than any other organ 
in the country. 




















The physiological aspects of this high-altitude flying 


been described in a paper by one of the authors.” 














The successful execution of 
program depends upon: 


a high-altitude flight-tes 














t. Use and careful maintenance of the best possid# 
oxygen and emergency equipment. 

2. The observance of definite regulations and emerge! 
procedures to safeguard the lives and health of flying pe 
sonnel which in turn requires: 

3. Thorough and repeated training in the use 









































ment and practice of emergency procedures. 
Oxygen and emergency equipment is tending to bec 
more and more standardized. 
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The military services 
made available to manufacturers all the necessary ¢q!"? 
ment, and instructions for its installation, maintenant 
and use. 
































The Boeing Aircraft Co. has, in the course of sever 
years’ continuous high-altitude flight testing, worked out a 
number of emergency procedures to ensure that fig 
concluded on page 256 
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Power Steering for Automotive Vehicles 


hy FRANCIS W. DAVIS bx 


exceeds the physical capacity of 


have 


achieved at the that 


chiet 


cost of a steering wheel 


the 


torque 
Che 


not been squeezed harder be- 


Consulting Engineer driver. 


Waltham, Mass. reason why designers 
tween these two conflicting requirements, as tront-axle 
IE g ariety and increasing number of heavy-duty weights and tire sizes have increased, is the development, 
] ch have been put into operation in recent 
them with front-axle loadings that make 
impractical, have intensified interest in 
; gears. Fortunately the need for such gears 
y anticipated so that when military and other 


over the past 25 years, of increasingly efficient steering 
gears. Fig. 1 illustrates the various stages in this evolution. 
Ihe earliest form during this period was the screw and nut 
type of gearing, which was more or less displaced by the 
worm and sector. These early gears presented plain sliding 
Then followed the 
development of the cam and lever principle, first with a 
fixed 


ls for servo steering mechanisms arose there surfaces and showed low efficiencies. 
cial units available. 

f power steering, still largely untapped, offers 

nities and as many difficulties for the de- 

paper will discuss the nature of the steering type 

quirements which must be met by a power 

of the solutions which have been attempted. 

ler only the steering gear and will not cover 

hook-up or front-end design. Neither will any 

made to cover the so-called track-laying vehicles, 
t very special problems of their own. 


stud, and later with a stud mounted on antifricuion 
bearings. At about the sam« 
was introduced. 


time, the worm and roller 
Still later came the ball-nut design 
the and the 
Chrough this evolution efficiencies increased from about 


using a train of balls between nut screw. 
20° in the earliest sliding surface forms to around 8o or 
85‘ in the most recent types utilizing antifriction bearings 
throughout. Overall efficiencies are somewhat lower than 
the figures just quoted because of friction in pivot pins and 
the steering linkage and because the efficiencies usually 
civen are those for the wheels in the center position. For 


a Limitations of Manual Steering 


purposes of calculation, however, we can safely assume the 
modern steering gear to give an overall efficiency of close 


to 75/0. 


gx gear has been defined as a 


tting motion.” 


“reduction device 
If this stated the whole problem 
oon get on to other matters. A steering ratio 
osen that would permit the driver to turn the 

st the particular drag-link pressure involved. 
one hand, the steering ratio cannot be allowed 
gh that maneuverability at high speed is danger- 


The steering of an automotive vehicle is a combination 
of visual and physical reaction. The eye indicates the path 
of action and the physical response directs the vehicle in 
this path. Steering gears, however, have a very definite 
“feel,” that is, forces are transmitted from thie front wheels 
to the driver’s hands in a manner to give him some idea of 
road 


|, and on the other, maneuverability cannot 


ented at the 
1945.] 


SAE War Engi: surface conditions and cross winds. This feel, in 
conjunction with visual information or occasionally alone 
(as when the eyes are momentarily occupied otherwise 
than watching the roadway), is an important aid in guid 
ing the vehicle. Although we take this characteristic as a 
matter of fact, it adds greatly to the comfort and safety of 
driving. 





a on manual steering when used in 
heavy-duty vehicles have led to the develop- 
ment of power steering. 


When power steering gears are used, there 
are certain characteristics of the manual systems 
that should be retained. These and other engj- 
neering requirements are discussed by Mr. Davis, 
along with an evaluation of the various power 
steering systems that have been developed, par- 
ticular attention being given to the hydraulic 


type. 
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Feel is one of severai steering characteristics which have 
been considerably affected by increases in the efficiencies of 
steering gears, for higher efficiencies have caused the gears 
While this is desirable in that 
it permits self-righting from turns, it also permits road 
shocks to be transmitted to the driver’s hands. 


to become more reversible. 


Uncom 
fortable at best, such reactions are often dangerous when 
they become heavy because of tire blowouts, the striking of 
large road obstructions, or off highway work. The reverse 
efficiencies of the modern gears are somewhat lower than 
the stated efficiency of 75%, but are nevertheless high 
enough to present a real problem to the designer. 

Fig. 2 shows the relationship between hand effort and 
drag-link pressure in the passenger-car range. It is gener- 
ally considered that it would be desirable to limit hand 
pull on the steering-wheel rim to about 30 lb maximum 
(less for women). This figure is exceeded in many pas 
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senger cars during parking operations, although the upper 
limit of the steering ratio in such cars is approximately 24 
to 1 overall. When at rest, some large passenger cars 
require a torque of 600 to 700 ft-lb to turn the wheels on 
dry concrete, which means a steering-wheel pull of 60 Ib 
or more. It is possible to introduce larger steering ratios 
so as to keep within this 30-lb limit, but to do so affects 
steering adversely, for this function must be rapid enough 
to permit dodging obstacles, recovery from skids, and 
making sharp turns at allowable vehicle speeds. Many 
engineers are of the belief that present-day passenger-car 
ratios have exceeded the range in which adequate control 
1s maintained under all circumstances. 

So much for passenger-car ratios. When we enter the 
field of heavy-duty vehicles we arrive at a far more difficult 
situation. Fig. 3 illustrates the relation between hand- 
wheel pull and steering torque in the higher range. Mod- 
ern heavy-duty vehicles require steering torques far in 
excess of passenger-car values, in some extreme cases ex- 
ceeding 6000 ft-lb when standing still. Cases in which the 
wheels must be turned under this condition arise perhaps 
more often for some types of heavy-duty vehicles than for 
passenger cars, and the designer must keep this in mind 
when calculating steering forces. Fig. 3 indicates steering 
ratios up to 100 to 1. While slower ratios are permitted 
because large vehicles are not expected to maneuver like 
passenger cars, the actual ratios used, about 40 to 1 as an 
upper limit, are dictated by the need to allow the driver to 
maintain steering control, and even this with the assump- 
tion that the drivers of such vehicles will have more muscle 
power than the average passenger-car driver. Perhaps we 
may expect him to exert a maximum pull of 80 to 100 Ib 
on the steering wheel; however, this is a rather high figure, 
and exceptional physical strength should not be a require- 
ment for driving one of the larger vehicles. 

Data on the steering torques obtained with different 
vehicles and various conditions are far from complete. 
Measurements of static torque in the passenger-car range 
have been published,? but similar figures for the larger 
vehicles are not available except in isolated cases. Esti- 
mates of torque have been made by using a coefficient of 
friction of 0.8 for a pneumatic tire on dry concrete, but 
this coefficient does not give us the complete answer, since 
the tire is not being dragged along but is rotated about the 


1 See SAE Transactions, Vol. 30, February, 1935, pp. 41-49: “‘Prop- 


erties of Tires Affecting Riding, Steering, and Handling,” by R. D 
Fvans. 
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Fig. 4 represents a test made on three diffe: 
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© tactors such as oftset, ¢ 


to obtain the relationship between torque and front 
weight for various wheel positions. Measurements 


made of the torque required to start the front w! 
turn them through 15 deg, and to turn them thr 
deg. These tests resulted in a straight-line relati 
Some isolated figures at hand indicate that in th 


range of axle weights the ratio increases somewhat 


The highest figure available is a turning effort of 63; 


22,000 lb. If we followed the curve on Fig. 4 
arrive at a steering torque of 2560 ft-lb, considerably 
the measured figure. 

The reversibility of the modern steering gear 
tendency to transmit road shocks to the driver's han 


been mentioned earlier. At high front-axle weights | 


becomes a serious problem. Most drivers of heavy 
learn to drive by maintaining light hand pressure 


to turn the wheels through 15 deg with an axle we 


d 


S 


vel 


Or 


steering-wheel rim, for a firm grip is inviting seri 


jury. This is particularly important in off-highway 
where many accidents involving broken or sprained 
occur. Some drivers, in fact, cultivate a “thumbs uy 


tude, for the sudden striking of an obstruction may ¢ 


the front wheels to swing violently against their stoj 
rapidly whirling the steering wheel, whose spok 
easily dislocate or break thumbs. Steering wheel 
been known to burst from the sudden accelerati 
thus receive, and it is a common matter to hav 

stops hammered over by repeated whips of th 
wheels. In one case, this phenomenon resulted 
unusual complaint by drivers that their steering 


had become square. These were four spoke whec 


because of repeated high decelerations as_ th: 
wheel was brought to rest by the front wheels strikin 
stops, the spokes had become bent, resulting in 
wheel. 


m Power Steering Gears 


We old-timers remember when we had to g 


crank our cars and squeeze our bulb horns and wigs 


windshield wipers. Many years ago these ch 
taken out of manual operation, and with the ad 
modern heavy-duty vehicle we are now accu 
power assistance for brakes, clutch, and transmiss 
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ring have been realized for many years. : : 
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t art On power assisted steering gears tor auto : 


existing vehicles with minor or no modification of their 
sround vehicles goes back to 1906. Perhaps the o ’ 
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bile power steering gear to attract attention in we ' , 
: UnS & ee Fig. 5 illustrates the Bendix-Westinghouse mechanism 
try was a mechanical torque amplifier developed Pe, , 
Ages The two control valves are mounted on the cylinder, and 
hem Steel Co.*: * Another early gear was the ' ‘ 
‘ , 3.4 : . they are operated in a manner which, broadly, is common 
hydraulic unit,*» * demonstrated in 1928. A . ae 
to most of the gears. Between the linkage operating the 


acuum and compressed air steering boosters, :' a 
th electrical operation of the control valves, appeared ane ee 

; 3 > 3 amount ol play. Che taking up ot this piay actuates a 

in the early 1930's." r 


valve which apphies pressure to the appropriate end of the 


valves and that leading to the front wheels is a slight 


steering gears currently available in the United 


: power cylinder, thus causing the piston to follow up the 
y be classified as follows: 


movement of the steering wheel. When the driver stops 
turning the wheel, the piston restores the play in the link 
age, bringing the valve back to neutral. 
In the case of the Bendix Westinghouse pe 
first cuts its end of the cylinder off from the atmosphere, 
; then admits air under pressure. Whatever pressure exists 
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m Fig. 6—Vickers hydraulic steering booster 

The Vickers hydraulic gear, Fig. 6, also utilizes a small 
amount of play between the Pitman arm and the drag link 
to operate the valve, but because the valve is integral with 
the power cylinder, the linkage is quite simple. 
illustrates a typical application. 
against the valve, 


Fig. 7 
There is no oil reaction 
and up to the maximum output of the 
power cylinder, substantially the only effort required of 
the driver is to overcome friction in the steering gear and 
the resistance of a light centering spring. Power is fur- 
nished by a vane pump producing up to 1000 psi. 

The Ross-Bendix gear (Fig. 8) and the Saginaw-Bendix 
gear (Fig. 9) are basically alike in their manner of opera- 
tion except that the former uses a cam and lever type of 
reduction gear and the latter a ball-nut form. 


In both cases 
the control valve. 


shown in three positions in Fig. 10, is 








mounted at the end of the ste ring coluns 
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valve in the center position. 
reaction is provided. 






The relation of power steering to n 
steering can be readily shown as in Fig 
The hand effort is shown as pull in { 
on steering-wheel rim and the drag-link »y 
sure is shown as foot-pounds torqu 






figures chosen are within a typical range by 
can be modified to suit the conditions or requiremen: 
Curve 2 illustrates the performance of the B-W booster 
which gives a proportional reaction through the working 
range. When the steering force required exceeds 
put of the power cylinder, the driver supplies the extr 
amount, and the curve shows the same slope as for mat 
operation. Due to friction in the steering gear and 
nections, the B-W booster does not transmit light r 
from the road to the driver, and to that extent the 
the road is absent. This gear is partially self-righting, 
not freely so, and somew hat lacking in directional pie t 
The booster absorbs road shocks, merely allowing a slight 
and not objectionable reaction to reach the driver. 
Because the spring which the 
to center the 
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is the part that must be protected from exces 
sive shock loads. In fact, by reducing the 
forces that the driver must apply to the steer 
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ing wheel, power gears also reduce the loads 
carried | »y these parts. This holds both for 
booster and integral types, for in the latter, 
the output of the power cylinder is fed in by 
a cross shaft beyond the reduction gear. Che 
booster tvpe has the additional advantage 
that no steering or shock loads are carried 

the steering-gear housing but are trans 


' 
ted directly to the chassis. 


mw Engineering Requirements 


Jetore tung the requirements that power 
steering gears must meet it 1s well to con 
sider what w al Ing do to the steering 

a Fig. 8 — Ross-Ben- system. a\ a ad snown 

dix integral hy- P 
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gear eficient mechanism, and the only reason 
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manual gear is a remarkably compact 


considering the addition of power 1s to over 


come t limitations of the manual gear. 


Safety u ates the desirability for turnish 


; ; 
ing complete manual control in case of tailure 


gear is self-righting. Above this threshold of the power mechanism for any reason; therefor are 
ler comes into play and, while proportion- idding the power to existing steering gears. Perhaps in 
effort to drag-link pressure is maintained stead of calling it power ing, hould use the term 
pressure on the reaction plungers, the slope “power assisted steering.” ‘he time may come when we 
} 


greatly diminished. When the maximum can reduce the size of the manual parts or perhaps dispense 


power cvlinder 1S reached the curve becomes with them altoge ther. Howe \ . at the pre sent time. this 


tor manual operation, as is the case with move is not indicated, and, in view of the vital function 
; ; 

lescribed. of steering, it appears to the author that safety reasons 

gears under consideration, the steering-gear alone will dictate the continuance of the manual elements. 


rew in no case carries anything but the Fhe directional 


stability, self-righting properties, feel, 
s the delicate part in a steering gear and ind absence of noticeable backlash of the modern manual 
steering gear are qualities which should not be lost when 
1S added. 
lash is a very definite problem in power gears. 
some lag is inherent in a servo since suck a mechanisn 


characteristically operates in response to the error or |; 


between the input signal and the reaction to th 


he amount of lag required to operate the s 


neasure of its sensitivity. In a steering gear this lag 

omes evident as backlash and is something to be avoided 
far as possible. Backlash introduces errors in the contro] 
the vehicle, invites shimmy reactions, and is generally 
objectionable to the driver. T] Iriver feels it as wander 
ind oversteering, for - is unabl maintain the vehicle 
9— Saginaw-Bendix integral hydraulic steering gear { lesired direction without continual movement of the 
steering wheel. We can 
HTORAULAG NE To ROTTOM  gaTLE qommmanon rom proeame une ro ror tate as a general principle 
hat if the lag is so small 
does not affect the 
aa. accurate control of the 
Ce Te vehicle and is not evident 
; Wot) -_ to the operator, then it is 

within acceptable limits. 
In the case of hydraulic 
“gamwmern. gears the valve port open 
ing in the center or neutral 


ng. ¢ 4 

VALVE Posrmo’ rLow VE POSITION AND FLUID FLOW VALVE POSITION AND FLUID FLOW . 
FOR Ler? Tue 8? PUR With WHEELS STRAIGHT AHEAD FOR RIGHT TUPN position in relation to the 
— PRESSURE FLUID FROM 

—<—S [EG PRERSOee DISPLACED FLUID RETURMIVO TO PUMP movement of steering 


wheel is a measure of sen- 
10-Control valve used with Ross-Bendix and Saginaw-Bendix hydraulic gears sitivity. This can be stated 
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une -ctiee | iT the tront wheels will move stil! less ¢ 
- ; ° 
J 2—-—+- BENDIX—WESTIMNGHOUSE; |aIR | hgures lV en tor Pitman arm travel + 
#0 ae +3 02577 __R0ss Agiyaw mLMY ~ 1¢ the valve. Within these design limi 
4—— ——"|——— VICKERS , HYDRAULIC . 7 a 
ee J /| possible to construct a hydraulic gear , 
VA will give good directional contro} 3, 
on [6® Za = + +—~— t a © | control a 
V y oversteering. 
STEERING / } ‘ : . 
; 2" Centering springs as used Bend 
WHEEL [#0 7 <=? er draulic gears have a decided infue; 
“ ~ 
Les a _ directional stability and feel. Fig 
r4 a“ -~-- « ~ 
a ee ooo > . ° . 
eo—__2 ae | aay cnet | See | a | diagrammatic showing ot two ston 
/ pe Sa -+ ‘ J n 
ns : the one on the left using two opposed 
Va a - f to maintain the valve in the neutral 
6 ee ee ee ee a 
500 1000 1500 2000 2500 3000 3500 4000 4800 #8000 ter position, and the other us ng pr 


TORQUE AT FRONT WHEELS :(FT. LBS.) 


a Fig. || —-Comparison of power steering gears — relation between pull on steer- 


ing wheel and torque exerted on front wheels 


as number of degrees of steering wheel to cause valve 
ports to close; in other words, the 
ment required to close the valve. It is evident, with 
the piston or spool type of valves, that the clearance be 
tween the valve parts will affect the flow through the valve 
when the ports begin to overlap; therefore, the stop limits 
are arranged to permit a certain amount of overlap, usually 
from I to I in. 


steering wheel 


amount of rim ‘move- 


22 16 When the pump is stopped, the 
will show the full valve movement between 
the limit stops. When the pump is running, however, this 
movement is much less, due to the oil flow and the follow- 
up action. The only other time the valve hits the stops is 
when added steering torque is required over and above 
that supplied by the oil. In this case, the driver can.add 
whatever additional steering effort is required up to his 
physical limit; also, if the oil flow is not adequate for the 
required speed of steering, the driver may overtake the oil 
and bring the valve to the limit stop. 

Experience indicates that a wheel rim movement of from 
» to 1 in. to close the valve ports, depending on the size 
of vehicle, is permissible, although it is advisable to keep 
below these figures where possible. The method of valve 
operation and the presence or lack of centering springs and 
hydraulic reaction has an important bearing on this ques- 
tion of sensitivity. 


1 
I 


With steering ratios in the order of 30 to 1, we have a 
ratio of almost 100 to 1 between rim movement and valve 
movement, depending on helix angle and lead. Therefore, 
a valve port opening of 0.01 in. will require a wheel rim 
movement of 1 in. to close the valve. In the passenger-car 
range we have about one-half this amount of valve open- 
ing. If we interpret this valve opening in terms of degrees 
of Pitman arm travel to close the valve, we have from 1/10 
to 3/10 deg. The angular movement of the Pitman arm 
is usually greater than the front-wheel swing; consequently, 





springs. The latter are so arranged +} 
Po] ~ 


the valve is moved from the center ; 
by a movement of the steering whe 
necessary to exert sufficient force to o1 
the preload; then, as one of the springs is compress 
other spring remains at rest due to the washer 

against the valve body. In this manner we can 

a preload which requires a definite number of poun 


on the steering wheel to move the valve. Until the va 


moved, there is, of course, no change in the oil flow 


consequently the steering gear has all the characterist 


a manual gear. It is, therefore, possible to exert 
steering torque on the front wheels without 
valve. This torque is sufficient to maintain the veh 
its normal path, and the backlash in the steering syst 
that normally present in a manual gear, for all intent 
purposes, zero. 

Within this range the steering gear is treely 


a 


and road reactions originating at the front wheels car 
be transmitted through the gear to the driver’s hands 
driver will feel the roadway and correct for road 


and cross winds. Furthermore, the caster actior 


wheels will cause the vehicle to straighten on coming 


of a turn. These characteristics are all very desirabl 
the driver’s viewpoint and make for accurate an 
fortable steering. 
load as measured on the steering wheel rim of 4 t 
depending on vehicle size, is called for. There is : 
and fast rule on this point and some operators 

lighter setting than indicated. Mention was mad 
of the ratio of nearly 100 to 1 between wheel rim 


ment and valve movement. Therefore, we may 





Experience indicates that a center 


centering spring preload of from 400 to 800 |b. In pr 


tice, the springs are somewhat lighter due to frict 
between the wheel rim and the valve. 


In order to secure proper self-righting it is necessar\ 
} g s 


have sufficient valve-port area in the center or n¢ 
tion to permit of bypassing the oil freely from ot 
the cylinder to the other. If the port size is too si 


The vali 


turn and is unsatisfactory. 

















oil is cold, with resulting high viscosity 
resistance to flow. 
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ting oil to bypass the pump must b 





OPPOSING SPRINGS 


NO RESISTANCE TO INITIAL 
MOVEMENT 


m Fig. 12 -Diagrammatic views of valve centering springs 
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PRELOADED SPRINGS 
(CONFINED BETWEEN STOPS ) 


OFFERS RESISTANCE TO 
INITIAL MOVEMENT 


cient size to permit free flow of « 
manual operation; otherwise, this 
ously add to steering resistance. 

It has been pointed out that, by u 
loaded centering springs, the valve 
tained in its center position unless 
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resulting restriction will cause a sluggis! 


| area also affects the ease of manual operat 
with the pump stopped, especially where ! 


The check valv: per 


ser 






No, 4 























CENTERING SPRING 


WITH PRELOADED CENTERING SPRING 


same steering torce L, the reaction on the 
hand wheel is expressed by the original hand 





5NAL POSITION | SIGNAL POSITION 
VERSHOOT OUTPUT POSITION 
2 - -- = & 


NO OVERSHOOT 
AT REST 
&. 


effort F times the product of the two efhi 
ciencies, or less than the square of the efh 





—_—____< ——~———} x 7 


OUTPUT POSITION 


Dilaticestitncteintininae 


a Fig. 13 - Comparison of servos 


y applied force on the steering wheel or by 

; on the front wheels. Conversely, the valve, 
| from the neutral position, is strongly urged 
This action has a profound effect on the 
onsidered as a servo-mechanism, for the 
follow-up from the power unit, which is 
the valve back to neutral, is thus anticipated. 
spring force is of sufficient magnitude to 
inertia of the manually controlled elements 
the valve at a greater velocity than the power 
s under the oil flow available, the system is 
from oscillation without the use of some 

e. This can be graphically shown, as in 
sraph at the left shows a typical relationship 
gnal position and the output position for a 
s not well damped. The graph on the right 
t of the centering spring which, by endeavor- 
rn the valve to its center position faster than the 
rmits, prevents overshoot and thus avoids the 


move the valve from the center position 
balance the oil flow through the valve ports. 
the back pressure on the pump and, inas 
iction plungers are in communication with 
pressure, added force is required for the 
to move the plungers. This added force is 
tional to the line pressure and provides the 


action that the driver feels on the steering 


1 centering sprit 


1 reaction can be transmitted to the driver’s 
to a very small degree. Whenever a shock 
is sufficient to move the valve from center, 


d back pressure exerted on the piston pre 


mount of shock reaching the driver’s hands. 
the steering parts and steering wheel also 
the driver from these shocks. When the 
front wheels is severe enough to move the 
ld up back pressure, this acts on the plungers 
te the reaction in a very mild degree to the 
is a fortunate circumstance which works in 
revent large shock loads reaching the driver. 
1 earlier a permissible 20 lb force exerted on 


wheel by the driver in handling the larger 


certainly do not want the driver subjected to 
k loads. The reverse efficiency of the modern 
is less than the regular operating efficiency, 
more, the forces transmitted are further greatly 
to the friction loss in the gear. We can explain 
vs: If we start with a hand effort of F pounds 
ssing through the gear, we obtain L steering 


show that in reverse, if we start with the 


ciency as usually expressed. 

If the shock reaction on the piston creates 
an oil pressure in excess of the relief valve 
setting, then oil passes through the relief 
valve and the piston moves until the oil pres 
sure drops below the setting. A safety valve 

is thus provided as far as loads transmitted 

through the oil are concerned. There still 

remains, however, the force which the driver 
can exert on the steering wheel to control loads exceeding 
those carried by the maximum oil pressure. Obviously, 
large stresses may thus be generated in the steering linkage, 
but the alternative is to have the driver lose control of the 
vehicle. It would seem the best course to determine what 
forces are created by shock loads and design the steering 
mechanism accordingly. 

The shock-resisting ability permits of driving the vehicle 
over the roughest ground with no hazard to the driver, as 
the so called curb test demonstrates. This test consists of 
driving the vehicle against a street curbing at an angle of 
10 to 15 deg. With the regulation manual gear the result 
ing reaction and whip of the steering wheel is a dangerous 
procedure. With the power gear this same test results in 
nothing more than the front wheel scuffing along the curb 
ing and then mounting the curb without any loss of contro! 
or discomfort to the driver. The power gears also permit 
of driving straight tracks through deep sand, gravel, and 
snow, and great physical strength is not a requirement t 


cuide the largest vehicle Ss 


m Power Sources 


\ major requirement for the hydraulically oj 


- . ] ‘ 
an oil pump-vane, radial, rotor, or gear — capable o 


delivering oil against the maximum setting of the relief 


~ 


t 
valve. If the relief valve is located in the pump body, it 


desirable to bypass the oil back to the reservoir for 
cooling. In the case of engine-driven pumps, th 
must be ample at idling speeds to give maximum 
pressures and adequate steering speeds. In some 


peed in order t 


} i 


the vehicle iS slows d down to a very slow 
round a corner or other similar maneuver, the pump speed 
“hy ‘age as Seals feestbad Se tencos 

is very slow if the engine isnt deciutched t become 
second nature, however, for the driver to “throw out” the 
clutch momentarily, thus giving the engine somewhat 


additional sp ed in order to secure adequate oil volume 1 
assist in the rapid turning. It is customary to do the fastest 


11 . 
hi h automatically give 


steering in the low-gear range, wv 
idded pump speed. 

With the accumulator system in’ 
in the center position, the speed of 
lependent on pump delivery rat system 
1utomatic unloading valves, a hydr ulic accumu] wor, 
adds other complexities into the circuit. Up to th 
time the production designs all employ the open-\ 
with the ordinary fixed-displacement pump and o1 


relief valve. A variable-delivery pump can be used. 
supplying the de sired volume at low speeds and avol ling 
the increased delivery at high speeds. However, here agai 


is a matter of economics and the simpler type of 


is preferred by the average user. 





- ing. Inasmuch as most oil 5 IMPs ar 
Se 2 wyrprautic riuip . : 
J _/ Reservoir designed to withstand heavy ri lial 
 MIGH PRESSURE DELIVERY LINE . ce te x 
| | FROM PUMP TC CONTROL VALVE the drive shaft, it is necessary to Provide 
le them when the pump is driven with .« 
ze fr PUMP aparter than shaft drive in order not to inte 
7 :— HYDRAULIC LINE FROM CONTROL STEERING ° ° ‘ame 
rape IAF VALVE TO LOWER END OF POWER WHEEL ~~~) bearing loads in the pump which w 
ia a CONTROL \ STEERING GEAR HYDRAULIC POWER | terfere with proper pertormanc« and life 
ELECTRIC —4 4 \ ’ : ia 
moroR \ ik BLEEDER VALVE In the case of the motor-driven pum, 
mad Va Dp . aeons : ~~? ie 
! hte? Vora) t 14) considerable flexibility is permitted . 
A | al ‘ | = the pump can be located in any convey 
1B r = ‘ space in close proximity to the steering 
zt | m Sei i a 
f, ee Oo ae thus shortening up the piping. The 
z — ° : 
= tom semssunl egrome sen = ments against the motor-driven pum, 
7 a a ee HYDRAULIC LINE FROM CONTROL extra weight and cost of the mot a 
VALVE TO UPPER END OF POWER nee § fas ; AOLOF, togeth 
2 } RETURN LINE From seaLin power) | With the drain on the electrical system 
4 oe CYLINDER TO CONTROL VALVE & It is customarv with hydraulic 
LEFT SIDE OF HULL g 7 — a - r 7 ? se ; ' 
ee, = gears to work with a pressure range trom { 
7 ¥ to 1000 psi. This is a moderate pres 
PITMAN ARM - —, 
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a Fig. 14—Electric motor-driven pump; integral hydraulic steering gear 


The boosters operating on compressed air are hooked up 
to the tank which normally supplies the brakes and other 
controls. The speed of steering is ample for all operating 
conditions, provided there are no restrictions in the lines 
and valving; also provided the tank and compressor are 
adequate to carry the increased load due to steering re- 
quirements. The maximum air pressure now used is in 
the neighborhood of 100 psi, and thus the power cylinder 
must be large enough to give an adequate output at this 
pressure. Boosters operating on vacuum supplied from the 
engine manifold can depend only on a maximum operating 
pressure of approximately 8 psi. This limits the capacity 
of the booster to the lowest range in order not to go to 
excessive piston size. Furthermore, even if the large piston 
area can be secured by some multiple-piston arrangement, 
the engine can only supply a nominal volume flow without 
upsetting the induction manifold conditions. 

Once the maximum steering loads are known, we are in 
a position to determine the cylinder size, pressures, and 
pump capacities required to give satisfactory steering con 
trol. In the case of the engine-driven pump the design of 
the engine and the required clearances will determine the 
most desired manner of power take-off and pump mount- 
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m Fig. 15 — Power required to swing front wheels 
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relation to some of the extreme pressu 
in airplane hydraulic systems. The 


pressures are mainly used to effect 


piping, leakage, packing glands, and so on. 
In selecting the cylinder size it is customary 
power enough to enable the driver to turn the fron 


by contributing a moderate pull on the steering 


we furnish excessive hydraulic power we invite strair 


the steering linkage when the tires are against th 
or other obstructions and when wheels are 


stops, as in this position the driver can additional 


at the steering wheel, thus adding to the steering f 
Once we have determined the cylinder size, v 
position to select the proper size of pump to giv 


of steering desired. In the case of the engine-driven 
we base our calculations on the volume required to g 
adequate steering speed when the engine is idling 


usually figured at engine speed in high gear 
The pump capacity must take account of the s| 
pump figured at the maximum working pressur 
temperature of approximately 160 F, 
mended oil. 


using th 


The speed of steering is usually indicated as th 
of seconds to swing the front wheels from axle stoy 


stop. We can assume an 8o0-deg angular swing of t! 


wheels, or approximately 40 deg each side from 
Experience with power operated gears indicates 
passenger Cars a 4-sec swing from stop to stop Is 
tory. This works out at-20 deg per sec angulat 
The larger vehicles have satisfactory steering wit! 


8-sec swing. This works out at 10 to 15 deg per sec. 1 


size and type of the vehicle will determine the sel 
steering speeds. 

It is evident with the engine-driven pump t 
pump speeds up the oil flow increases. In a way 
advantage, as it precludes any possible overtaking 
and it introduces no hazards, as the gear only mov 
as the driver indicates through the movement of 
ing wheel. 

In the case of the motor-driven pump we have 
a constant pump speed, so we must have sufficier 
to accommodate the steering requirements: how: 
is another factor that enters the picture. We req 


10aCs om 


) are the 


savings and, for ground vehicles, the qu 
tion of weight is not generally so importay 
Furthermore, the higher pressures invite difficulties wit 


tu 


on dry concrete pavement with the vehicle standing 


that 
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ng effort for parking and stationary maneuver- 
nplies maximum pump pressures and maximum 
When the vehicle is moving, we require only a 
t the maximum pressure, so we gain volume flow 
luced pump slippage. The figures given for speed 
ing for engine-driven pumps also apply to motor 
pumps, with a few exceptions, when slightly faster 


ring may be indicated. 


1 
venicl 


cle maker is concerned with the amount of 
to drive the pump. The largest pump now 
is a volumetric displacement of 1.25 cu in. per 
This pump at the maximum 1000 psi requires 
ely 2 hp at 500 rpm, or a torque of 212 in.-lb. 
remains substantially constant throughout the 
If the pump were required to deliver 1000 
rpm, we would have to furnish close to 9 hp. 
e do not require high pressures at high speeds; 
the power absorbed is nominal. At high 
pump must force the oil through the piping and 
and also furnish pressure for whatever power 
required. 
al motor-driven pump employs a constant 
rated at 1% hp at 1800 rpm. This motor is 
momentary overloads applied during heavy 
he motor drives a pump of 0.365 cu in. per 
lisplacement and weighs with pump 85 lb. 
ome newly developed high-speed motors of 
that offer attractive possibilities. A recent 
tives a combined motor and pump weight of 


1945 


a Fig. 16—Integral hydraulic gear No. | 


24 lb operating at 2500 rpm with displacement of 0.162 
cu in. per revolution. However, with the motor-driven 
pump, the extra tax on the generator and battery must be 
provided for. Here again the motor is turning over a great 
part of the time without any loads on the pump other than 
friction in the lines and valve ports. 

Now that we have determined the speed of steering, we 
can readily find the amount of power required to operat: 
the steering gear in the various capacities. Fig. 15 shows 
the power required to swing the front wheels with a torque 
range up to 6000 ft-lb. The lines 1, 2, and 3 indicate the 
horsepower required at 20, 15, and 10 deg per sec, respec 
tively. These calculations are based on 100% efficiency and 
must be modified to take account of certain losses which 
occur in the transformation of the oil flow to the turning 
effort on the front wheels. 

While the power unit can take over as much of the 
burden of steering as the designer wishes, the torque which 
the driver exerts on the steering wheel is usefully added to 
the steering effort supplied by the power cylinder. As an 
example, we can assume the driver pulling a maximum of 
60 lb on the wheel rim, with a 22-in. steering wheel and 
20 to 1 ratio. With 75% mechanical efficiency, we would 
obtain 1240 ft-lb effort from the driver. In order to produce 
this amount of torque, the driver must exert 1630 ft-lb due 
to the friction loss in the steering. If the driver were able 
to exert this force at the rates indicated for satisfactory 
power steering, then they would correspond to the point 

1, B, and C on the graph. No attempt will be made to 
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evaluate the rate of manual power output that can be 
maintained during the swing of the front wheels. The 
position is somewhat awkward and even the most sanguine 
would hesitate to suggest a greater output than 4 hp. 


This corresponds to the point C on line 3. This point 
represents the maximum practical output that can be 
expected from the driver. It is one thing to indicate the 
maximum output and it is another to realize the fact that 
the driver would be very happy to be relieved of this 
burden. For matters of comparison, it appears reasonable 
to assume that the average driver can exert a pull of 30 lb 
on the wheel rim without serious effort or complaint. This 
reduces the figures by one-half and the points D, E, and F 
indicate this reduced driver output. 

This chart illustrates the amount of power to be fur- 
nished by the oil. By making various allowances for the 
friction losses, we may say that the largest vehicles to date 
call for a combined power of something in the neighbor- 
hood of 2’ hp to give satisfactory steering. Of this power, 
the driver can be expected momentarily to furnish from 
'% to > hp, and the oil to furnish the balance. Perhaps 
this graph will give an indication of the points of limita- 
tion between hand and power steering, but it is too early 
in the development of this subject to draw any such 
conclusions. 

With the oil flowing continuously through the valve 
ports, it is evident that a certain amount of back pressure 
exists at all times, depending on the valve port area and 
shape, the velocity of oil flow, and the viscosity of the oil. 
If we have excessive back pressure, it results in heating the 
oil and power losses. Here is where we have to balance 
between valve sensitivity and back pressure, because when 
we decrease valve port opening we increase back pressure. 
For passenger cars an upper limit of 50 fps through the 
valve ports and a maximum of 20 fps through the oil lines 
keep the oil temperature and power consumed within 
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m Fig. 17 — Hydraulic steering booster No. 2 
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reasonable limits. For larger vehicles, where 
pump capacity is used, we advise considerably 
velocities (about 30 to 50% less). Intake line 
between pump and tank should be kept below § fps 
involves placing the two units close together and 

few bends in the lines as possible. 

Tests indicate mechanical efficiency of the pov 
tem of approximately 85%. This remains fairly « 
throughout the pressure range and is the relation | 
the indicated force exerted on the piston and t 
force delivered at the front wheels. The frictio1 
occur in the piston and piston rod and the yok 
that moves the cross shaft. The other friction losses 
the steering linkage and kingpins. Lavish use 
friction bearings in the last two items wil red 
overall friction, but with power actuation of 


1S not necessary. 


m Hydraulic Gear Development 


To understand fully the development of th 
gears, it appears advisable to review briefly th 
designs investigated and tried out by the auth 
past 18 years. Only the gears actually built a1 
will be covered, as anyone engaged in a prog! 
kind is aware of the countless sketches and lay 
prepared and discarded as the development prog 

It is possible to classify the gears in terms of | 
and operation of the valve. It is also of interest 1 
how spring centering of the valve developed 
reaction proportional to the required steering 
introduced. The types will be described in the 
cal order of development. 

Fig. 16 shows the valve within the piston 
vith the piston. This design involves problem gett 
the oil supply inside the moving piston. It 
means of a port in the cylinder wall register 
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in the piston. The turning of the steer- limited amount radially. Oil is carried to the various 


F the valve and directs the oil to one or the grooves, and getting the proper oil flow presented som« 
. elongated piston. The piston then moves thing of a problem. The centering of the valve is accom 
e valve. plished by means of a “C” spring. The spring at the open 
as first tried without any centering spring end contacts the two fingers or abutments projecting from 
tless steering. ‘the lightest pressure of a the valve members and is snapped in place, giving the 
: the spokes was ample to turn the steering desired preload. The jacket tube is enlarged and serves as 
a sence of feel of the roadway led to the the oil reservoir. 
centering springs of different kinds. First, Fig. 19 shows a booster with multiple-vane pistons, 
vashers, upset So as to give a wavy or scalloped mounted on the splined end of the cross shaft in place ot 
re tried; however, the springs were arranged the usual Pitman arm. The housing of the booster is 
x each other and, while giving a slight feel to the carried in brackets attached to the chassis frame. The 
On) | reversibility, a great step forward resulted valve consists of two interrupted spline members permitting 
ling the springs against stops, as shown in the slight relative movement. The inner member is manually 
A spring-loaded detent was next tried, but operated and the outer one is integral with the vanes. In 
int of valve movement resulted in an uneven the operation of the valve, the edges of the spline members 
, and was unsatisfactory. Belleville spring are required to contact throughout their length, and must 
next tried, arranged with a preload against register with the adjacent edges in order to prevent oil 
satisfactory operation. This is the construc slippage when maximum steering effort is called for. The 
gear. booster has a “C” spring preloaded between stops, and the 
ws a booster having the valve within and construction of the valve gives a reactive feel due to the 
: piston. The booster cylinder attaches to back pressure exerted on the elongated splines. This was 
ssis and connects to the articulated Pitman the first design incorporating both preloaded spring centet 
ring spring against stops provides the feel and ing and reaction proportional to oil pressure. 


Fig. 20 is another version of the multiple-vane piston, 









8 shows a design with the valve located on and with an interrupted spline valve incorporated as an integral 
rotating with the steering post. The valve consists of an part of a worm and sector steering gear. 
' xternal spline with two members moving a Fig. 21 shows the first design of integral gear utilizing 
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m Fig. 18-—Integral hydraulic gear No. 3 


249 


















MOVING VANES (3 


STATIONARY VANES (3 


Y OI INLET 


‘ | —_ 


endwise reaction of the steering post to operate the spool 
valve. Furthermore, one of the valve members remains 
stationary in relation to the gear housing. The inner valve 
member is integral with the steering post and rotates with 
it. The valve also serves as a journal or bearing for the 
post. Feel in the low torque range is obtained by a preload 
on two Belleville springs. Beyond this range, the deflection 
rate of the Belleville springs results in a reaction on the 
driver's hands, but this reaction is not strictly proportional 
to the steering effort. The resistance to manual rotation of 
the steering wheel, therefore, depends on two factors — the 
amount of preload, and the rate of the springs as the valve 
moves from center position. This design uses vane pistons, 
and the overall dimensions of the complete gear are only 
slightly larger than the manual gear it replaced. 

Fig. 22 shows the first integral gear to utilize the modern 
high-efficiency cam and roller stud for the manual part and 
reaction plungers with preloaded coil centering springs for 
the power part. This design is similar in operation to the 
Ross-Bendix and Saginaw-Bendix gears previously de 
scribed. The cylinder is arranged adjacent to and parallel 
to the column tube. The gear, which weighs 45 lb as 
compared to the 30-lb manual gear it replaced, is mounted 
in a large passenger car and shows a mileage to date of 
$4,000 miles. 

The various designs just described, as well as the other 
steering gears referred to earlier in this paper, are classified 
in Table r. It is apparent that a great many different types 
of valves and pistons and methods of operation have been 
tried. 
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a Fig. 19-Hydraulic steering 
booster No. 4 

Booster mounted on steering cross 
shaft and supported on chassis frame 


















w Problems of Application 


The factors influencing the choice of a power steenn; 
unit naturally vary with the application, but certain gene 
considerations may be mentioned. 

In favor of compressed air are the facts that 

1. The compressed air system normally supplying 
and other controls may also be used for the steering ¢ 
thus avoiding the cost and problems of mounting 0 
and related itenis. 

2. In the case of leaks, there is no loss of an expensiit 
working fluid. 

In favor of hydraulic gears are: 

1. A substantially noncompressible fluid wh 
give more accurate and positive control. 

2. Smaller units due to higher working pressures 

3. Inherent lubrication of working parts. 

4. Absence of troubles due to moisture and 11 
same. 

If a booster type of gear is chosen it should, 
be easier to adapt to an existing vehicle. Road sh 
be transferred directly to the frame. On the othe 
the integral designs are compact and complet 
There are fewer exposed parts subject to injury 
There are fewer difficulties with mounting and 
There are no moving hose lines and no exposed | 
points. 


Table 2 gives the relationship between v 
power output of the various gears on which in! 
available. The boosters have to accommodate t 
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m Fig. 20—Integral hydraulic gear No. 5 


and require mounting brackets; conse- can offer some awkward problems to the manufacturers, as 
ight of the manual gear must be included the necessary clearances may not be available without con 
in order to make comparisons with the siderable rearrangement of existing parts. Furthermore, 


In the larger capacities, the manual gear the location and drive for the oil pump is a problem, 


trom approximately 75 to 100 |b. especially where the pump is engine driven. Some existing 


weight savings are possible when using vehicles are not difficult to modify sufficiently to accom 
ghter alloys as shown on the model T-28 modate the power gears; others present many headaches in 
gear. Where independent electric motors trying to get the units in place. Evidently, new 

the pumps, a considerable saving can b offer the best answer to this problem nd 

some of the up-to-date electric motors now engineers will take time to study the subject and 


rec 


w of the size and carrying capacity of the reasonable provision for the inclusion of power gear 
these power gears, no strong criticism is factory installed or as optional equipment. 


the added weight, although, of course, A question naturally arises regarding the effect 


s against the desirability of further weight steering linkage when power steering is utilized 
present linkages ample in strength, and, if not, th 


is concerned, the use of power steering is to be done about it? A canvass of the steering-g 


Table 1 — Classification of Power Steering Gears 


Control Valve 
Designation Type - —~-— Valve Power 
of Gear of Gear Location Type Centering Reaction Piston Used 
1 Integral In piston Spool Preloaded spring None Cylindrical Oil 
é Booster In piston Spool Preloaded spring None Cylindrical oil 
Integral Steering post Spline Preloaded spring None Cylindrical Oil 
\ Booster Cross shaft Spline (Preloaded spring Proportional! Vane Oil 
No. § Integral Cross shaft Spline Preloaded spring Proportional Vane Oil 
N Integral Steering post Spool (Belleville spring Partiale Vane Oil 
N Integral Steering post Spool ‘Preloaded spring Proportional Cylindrical Oil 
Ross-Bendix Integral Steering post Spool Preloaded spring Proportional Cylindrical Oil 
Saginaw-Bendix Integra! Steering post Spooi Preloaded spring Proportional Cylindrical Oil 
Vickers Booster Cylinder housing Spool Preloaded spring None Cylindrical Oil 
3~W Booster Cylinder housing Poppet Opposed spring Proportional Cylindrical Air 
eEmoire Booster Piston rod Spool None Proportional Cylindrical Vacuum 
Hub Booster In piston Spool (Preloaded spring None Cylindrical Oil 
2arrison Booster In drag link Spool Preloaded spring None Cylindrical Oil 


Reaction depending on valve movement. 





manutacturers indicates they are of the opinion that some 
increase in the strength of the members and wearing 
surfaces may be advisable, but here again no exact data are 
available. They don’t think it necessary to anticipate this 
condition, but believe they can work into it as the use of 
power steering dictates. It is not so much a matter of 
strength of parts to take the normal steering loads as it is 
the ability of the system to withstand the shock loads. In 
the case of manual gears, the shocks are transmitted to the 
steering wheel and, inasmuch as the experienced driver 
maintains a light grip on the wheel rim, the wheel swings 
back and forth and the shocks are taken in the manner of 
a prize-fighter “rolling with the punches.” The power 
gear must absorb the shocks before they reach the driver 
and thus it is reasonable to assume that the linkage must 
withstand added forces. The provision of improved lubri- 
cation and regular lubrication practice in the field may 
well be a factor in controlling wear. 

A question also arises regarding the driver exerting 
additional effort on the steering wheel after the front 
wheels are in contact with the axle stops, thus adding to 
the power load exerted on the steering linkage. Here again 
we can readily supply limit stops in the power cylinder by 
either bypassing the oil or allowing the piston to contact 
the cylinder ends. However, this adds to the cost and the 


5 See SAE Transactions, Vol. 20, 1925, pp. 281-295: “How Hard 
Does a Car Steer?” by F. F. Chandler 
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" a Fig. 21 —Integral hydraulic 
Worm and sector gear with vane type of piston 
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linkage can readily be made to withstand thi 

Some years ago the late F. F. Chandler ¢ 
on passenger cars with a mechanism designed ¢ 
a continuous record of the dynamic loads ; 
linkage encountered in driving.® Similar data 























heavy-duty vehicles. 

It is much too early in the development of powe; 
to present cost figures, for with increased productiog ; 
further design improvements, we 

















nay reasonably ey, 
lower costs. The present gears are considerably aby tig 
often-quoted basic figure for automobiles of 20¢ pp. 
however, the extra cost should not prove a barrier, ip ; : 
of the many advantages obtained through the use of ; 
gears. 

While the bulk of this paper has been devoted to ow. 
lining the development and application of power steerig; 
there are several minor items that must not be overlookes 
Certainly, for passenger-carrying vehicles, we m 
introduce objectionable noises, such as pump nois 
the gear is hydraulically operated. Many oil pumps thy 
are used today, while fulfilling performance requiremes 
are not acceptable from the noise standpoint. After s 
ing and testing the pumps available a number of year; 
the author developed a special type of gear pump t 
nontrapping and gives a uniform oil flow in order to secur 
the necessary quietness. 
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ore aP Renee ; i tank which, in turn, is open to the atmosphere. Thus the 

ie i S an ower VUutpu apaci 

Tabi elg P — oil stream at the point of maximum velocity is at almos 
Rated Torque Maximum 


Type Weight,Ib Output, ft-tb —-Preseure, pel pheric pressure. The slowing down of this oil as it enters 

Booster 752 the pump body adds increased static pressure and thus 
er 85< ‘ _ 

Senaer 602 supercharges at a pressure above atmospheric. This effect 

omen increases with pump speed, thus taking care of the increase 

integral 95 in periphery speed of the pump gears. 

Integral 2880 : t i 

oe ae po Another condition that must be guarded against is aera 

ntagra : ; 


tion of the oil. Provision must be furnished to bleed the 
system readily on initial filling and to maintain the oil free 





weight of manual ste2ring gear plus mounting brackets and 
ssary 


from air; otherwise a spongy action results and the pump 
becomes noisy. The reservoir must not permit cascading 
and consequent trapping of air. Leakage must be k« pt to 
a minimum, both to obviate continual filling of the oil tank 


and to avoid the expense and messiness involved. Excessive 


ther item that must be considered in 
uit. It is a characteristic of oil and other 
under certain conditions, the flow may be 
celerated in a manner to cause cavitation. 
d as noise and is thoroughly objectionable. 
subject to this condition under certain 


ind operating conditions. Where pump 


heating of the oil through restrictions in the control valve 
or tubing must also be avoided. A maximum working 
temperature of 160 F is satisfactory. Higher temperatures 
lead to increased pump slippage and are generally un 


this range, we must do something to pre douieatiy 


ting cavitation. This condition is prone to _ . . f , 
. 14: ; . ; There is no uniformity in the kinds and grades of oils 
ft, due to high-altitude operation. Pressuriz- 1: 
vai recommended with the hydraulic systems. Some advocat« 
supply tank is the remedy usually resorted er , 
ae Sra 5 special hydraulic oils, while others advise the use of motor 
nvolves a source of air pressure to which the "1 
' ® oils. It is evident that Atmospheric temperatures will dé 
and pump gland are subjected. The author : , 
‘ : : termine the grades of oil used. An oil must pour at below 
inother and easier solution to the problem in , ' 
. . . oye the starung temperature; otherwise, trouble can result 
a power steering application utilizing pump 


5 . through speeding up of the pump before circulation starts. 
} maximum of 8000 rpm by the means shown . , 


return oil, before entering the pump body, , ° 
“ae ‘ 7 a 
a venturi or restricting nozzle, thus adding Field for Power Steering 
oil stream at the cost of a slightly higher 


The Ordnance Department is using power gears in great 
on the delivery side of the pump. The 


numbers in armored cars, tank recovery units, and wreck 


nturi is connected to the supply or make-up ers, some of them of greater horsepower and larger siz¢ 
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Fig. 22 —Integral hydraulic gear No. 7 
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m Fig. 23-Oil pump with supercharged intake 


than ever attempted before. Commercial applications in 
clude trucks, buses, road machinery, both agricultural and 
industrial tractors, snow plows, off-the-road vehicles, and 
many special-purpose units. 

Naturally, power gears have been applied to the larger 
vehicles where the need was most pressing, but the re 
sulting ease of contro] will undoubtedly cause ‘drivers of 
slightly smaller units to wonder why they can’t be relieved 
of some of the steering burden. In this connection, it may 
be well to point out that there can be a vast difference in 
the steering effort required for a new bus being demon 
strated while loaded to standard capacity, with properly 
inflated, unworn tires, and the same bus after a few months 
of service, with worn tires and a heavy load of standees. 
Power steering offers to the passenger-car field, certainly 
in the larger sizes, a degree of steering luxury not other- 
wise obtainable. 

As the use of power gears extends, they may logically be 
included in the same source of power for other controls, 
whether operated by air or oil or whatever. This will affect 
the overall cost and will widen the field of application. 
Further improvements in design will likewise reduce the 
size and weight and costs. 

Some of the material presented in this paper may be 
helpful to the airplane designer, as the modern large plane 
with tricycle landing gear is presenting steering problems 
while on the ground. The steering torque is beyond man- 
ual control and it is not always possible to maneuver by 
means of propeller slip stream and selective control of the 
landing wheel brakes. 

In conclusion, power steering offers a new tool to the 
automotive industry with which to provide ease of control 
and reduction in driving hazards. More weight can be 
shifted forward, thus adding to the gross carrying capacity, 
and dual front wheels and tandem front driving axles can 
be utilized. On some aspects of steering, few data exist, 
and design would be considerably aided by research on 
two items mentioned earlier in this paper: 

1. The static turning effort required to turn the front 
wheels throughout the full range of tire sizes and loadings. 

2. The drag-link forces set up under actual driving con- 
ditions. 

The Society can well sponsor this program, and the 


manufacturer and user will benefit alike. As power steer- 











ing gains acceptance, we may expect a favorab 


reaction, as any provision for his comfort 1 








the performance of the vehicle, in the dri 
and a reduction in accidents. 








In tact, pow 
now be considered as a necessary addition t 
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Discussion 


Gives Static Steering Torque 
For Large Tires 
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ECENT results on large truck and bus tires have ind 





maximum static torque, expressed in pound-feet, in the c 





single tires, loaded and inflated in accordance with Tir n 
Recommendations, 1: the ran f 12% to 15% t 





carried by the tire. These results were obtained with the tire 
against a steel plate; they 





might range somewhat hi 
much as 16% to 18%, in the 


case of a rougher surface wit 
friction, such as typical dry concrete 









High Production Costs 
Of Davis System Stressed 
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T is my feeling that the Davis system incorporates everyt 


[ nf 





is desirable in power steering except possibly producti 





heavy vehicles where cost may not be an important acto! 














the weight of the vehicle is such that power steering is imperative 
can see no negative factors in the use of the equipment 





The complexity and cost of the units now in use may be der 
strated by Figs. A and B. Fig. A shows the assembled 
of the Davis system divorced from the rest of the AS 
various units are in approximately installation position wit 
connections installed. As far as the assembly is concerned, the 
is clean and appears relatively simple. 

Fig. B, however, shows an expl 
gives a quick picture of the rather 
make up this assembly. A fairly high percentage 
be classed as precision producticn. 

Fig. C shows one of these units in a life test conducted 
Kyle of Bendix. After 20,000 cycles at 24,000 in.-l 
power output shaft, the unit showed negligible wear 

In regard to the percentage of manual steering whi 
incorporated into a power system, I do not believe any one 
prepared to make a definite commitment. The operator wil! ct 
this and, fortunately, he can have what he wants. As reg 
load capacity of the manual reserve, I think it should be sufficient 
bring the vehicle safely home; if this is the correct cot 























oded view of the wer gea 








large number of part 


































































ordnance equipment should have a larger reserve tha mmer 
vehicles. 

In order to prolong valve life in any of the hydr yas 
cleanliness of the hydraulic medium appears to be import 
one of the reasons why a fully enclosed integra! unit wot i 


have fewer service difficulties. 
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In my opinion, as power steering stands today, it ha 
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a Fig. A (upper left) —- Davis power steering system assembly 


a Fig. B (lower left) — Exploded view of Davis power steering 
system 








a Fig. C (above) — Davis unit being tested 


i 
Now that w 2 
rte my stages, W must \ g t 











\ stuc oft t exploded view i 8 art u 
‘ bers for the combined manual and pow 
gear. The manual assembly includes 43 part nu g 
and the power assembly 35 part number yr in th 
ratio of manual 55%, power 459%. This is not t i 
full story, inasmuch as the pump and tank and piping ; 
dd sufficient extras to indicate a greater overall num ; 
) ywer parts than manual par 
| iper mention th probabie u 





ontrol systems wherein the imp and tank can serv 





ther units in addition to the steering ir. This wi 
improve the cost factor as chargeable to the pow 
; \ steering. Furthermore, if we desire t u 
St nanual parts, we reduce t weight t t 
1 Co complet assemb!] 











; ing gears, and of high reputation, 
t is nothing in the present designs which pla 
them out line with a cost per 1 co 1 
with manual gear Furthermore veight sa 
is desired in itself, we can substitut ight allo 
veral of the important heavy castin 
ss If the first cost is the on vortant line of 
tance to the introduction of in t 
la below the super-heav 
author fully agrees with the statement, then w vust ; 
ndeavor by the various mea! it our disposal } 
is design improvements an rductio nom 
to bring the cost down and thus answer t halleng : 
ho vy-duty, off-the-road operation. How far its application . N d | 
em “ul extend into lighter vehicles will depend upon the engineer's Questions ce for Manual Contro 
— ity the equipment to produce low cost. This would T S | t p St : 
: if is interesting challenge to the designer with the possi- 0 upp emen ower bering 
‘ - t to those that come up with the right answer. 


_K. M. WISE 


Bendix Aviation Corp. 





Author's Reply 
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s e€ present designs. 
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rs a very fair criticism regarding the production 
The paper gives only a brief refer- 
and, in view of the many sides to the power steering 
angle has been considered secondary to the building 
that functions correctly and stands up in service. 


| lgpacc ind for many years past, we have placed most of the 


vehicle payload 


was this done? It 


over the rear 


certainly does 


axle or just slightly ahead. Why 


not help braking; it doesn’t help 


with respect to state highway laws of unit axle loading; and it seems 
to me that the principal reason for this distribution is to make steer 


ing possible. 


Even then, as Mr 


Davis presen 


ts in his paper, steering-gear ratios 






have gone as high as 40 to 1. This means that the driver has to 


reduce his speed to a snail's pace and start cranking to get around a 
corner. If power steering is any good it will permit dropping this 
steering-gear ratio to somewhere in the neighborhood of 20 to 1- 


power then supplying the increased effort required by the reduced 
ratio. 


Why should not the payload be moved forward to be distributed 
equally on four wheels? Perhaps all four wheels could be driven, 
which would increase vehicle ability. Braking would be much more 
adequate and unit axle loading on the highway will be decreased, or 
conversely a greater load could be carried. Why has this not been 


done and why is it not desirable for the future? I think the ability 
to steer is the greatest factor controlling such design. 


Mr. Davis indicates the desirability of manual control in case of 
power failure. I would not say he is wrong in this recommendation 
but when front-wheel loads are raised by equal distribution of load 
and the vehicle cannot be steered manually, the argument for safety 
in case of power failure will be minimized. 

There probably must be sufficient manual safety to coast a moving 
vehicle to rest, but safety does not include ability to proceed without 
power. When hydraulic brakes were first advocated, some protection 
had to be incorporated as it was predicted they could never be safe 


but there are fewer hydraulic brake part failures than there were 


mechanical brake failures when we consider the number of clevis pins 


that used to drop out of the braking system. Why 


then need there 
be any fear 


f power failures on the steering system? When this 
becomes recognized, I believe Mr. Davis will agree that steering 
wheel and column can be reduced materially in size and weight as it 


will not take much steering column to port the valving to tl 
cylinder. 


1 POW 


I would like to add that power steering for the passenger car is 
not out of the question. Passenger-car steering-gear ratios are too 
high. We can well remember when they were 8 to 1 on the lighter 
vehicles of the early days and they have risen to 24 to 1. If these 
ratios could be reduced to the neighborhood of 15 or 16 to 1 the 
passenger vehicle would be much more controllable on the highway. 

Here is just another thought. Hydraulic systems are going up in 
working pressures. Aircraft systems are approaching 3000 psi. When 
satisfactory pumps and other units are available for high pressures, 
the power steering can be smaller and weigh less than the comparable 
manual gear —and if the cost per pound is the same I will leave the 
cost estimating to others. 

I would like to close my remarks with the statement that the adop- 
tion of power steering will be almost entirely an economic question 
(and I might add parenthetically that there are six to seven thousand 
of these gears in service on combat vehicles, tank retrievers, and the 
like, with no service problems whatever). Power steering may cost 
more but will be worth that cost if it permits the handling of enough 
more payload or freight, and while power steering will make the 
steering of present vehicles much easier it will also permit of more 
economical transportation if, as time goes on, more weight can be 


moved to the front of the vehicle and if steering difficulties thereby 
involved are no longer problems. 


Author's Reply 
To Mr. Wise 


HE question of moving more payload forward on the vehicle dates 

back to the early days of motor trucks. Tire capacity and steering 
have been the controlling factors. It is not merely a question of tire 
size, inasmuch as the state laws prescribe maximum vehicle widths, 
and the designer is up against turning lock and frame width limita- 
tions. The vehicle maker and tire people are urging greater widths, 
and we may expect some relief in this direction. The shifting of 
more weight forward adds to the steering burden and calls attention 
to the limitations of manual steering. Power steering permits of a 
free choice of ratio, either constant or variable, and we may well 
witness the use of smaller steering wheels and smaller ratios as power 
steering gains acceptance in the commercial vehicle field. Off- 
highway vehicles are not suffering under any legal restrictions, and 


we are using some very large tires with carrying capacities that make 
power steering imperative. 


The history of some of the important improvements, such as four- 
wheel brakes, synchromesh gearshift, hydraulic brakes, and knee- 
action suspension, shows that the public does not ask for these inno- 
vations, nor are they introduced in answer to complaints from the 

However, in spite of the added manufacturing cost, once the 
advantages are understood and appreciated, nobody advocates dis- 
carding these features unless something better is offered. 


user. 
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the steering wheel is a question to consider at some | ’ 


view of the vital function of the steering gear, it appears oop 


00; 


ment to furnish a degree of manual control, and Mr. Wise is = Mee 


doubt stating the minimum requirement that: “the: 
be sufficient manual safety to coast a moving vehicl« 


@¢ Large airplanes require power steering for the no 


, proba’ 
to rest. 


wheels 


of the latest designs uses a steering wheel 8 in. in diameter ¢ 


this departs from automobile practice, but, in the 


ASC OF “Airplane 


the designer is not hampered with any established preceden 


can easily witness a change to smaller steering ratios for p; 
cars through the use of power steering. Some designers ha 
cated large ratios (24 to 1) as contributing to safety at high 
yet we have racing drivers, such as Ab Jenkins, using rat 
13 to 1 in their racing cars. The writer is currently dri 
Buick equipped with a variable-ratio power gear giving 
overall ratio of 17 to 1. This is a comfortable and saf 
permits of rapid maneuvering. 





Mr. Wise poses a neat question regarding higher oil pressur 
permitting the use of a power gear lighter than the manual ¢ 


replaces. Then, if the cost per pound remains the same, we 





fe rat 


a unique relation of costs. It is not outside the realm of po 
Even though the power gears cost more than manual gears, t 


destined to increase in use wherever they offer economic ad\ 
and, with design improvements and increased production, wit 
ing lower costs, they will gain still wider acceptance 



































































Flight Testing 


continued from paae 238 


personnel would do the right thing automatically ir 
of trouble. These procedures have been revised from tim 
to time on the basis of experience gained in their use, and 


to keep abreast of new developments in oxygen equipn 
Their value and soundness have been proved many tin 


during the occurrence of actual emergencies. 

















Many requests have come to the Boeing Aircraft C 


for copies of the procedures, from companies and organiza 


tions wishing to follow them. 


So important is the job of keeping the oxyge 





n 


emergency regulations up to date and providing repeatet 
training that a special group has been organized to co 
this activity. It cannot be assumed that a man who h 
successfully completed his flight physical examunat 


training in oxygen and emergency procedures, an 


U 


n 


LULU 


pressure chamber ascent is thereafter indefinitely qual 
to fly to high altitude. It is a serious, full-time job t 
that flight physicals do not expire and to make certain tha 


the flight personnel does not become rusty or lax 


i 


serving the regulations upon which their lives depend 


The most significant recent advance in high-altt 


flight testing at Boeing is the use of cabin pressure in ! 


tests. A great deal of time and energy are saved 


in the B-17 was considered a day’s work, two or eve! 


such flights can be made in one day in the B-29, with 


n 


i. 


Use 
the tedious denitrogenation process is no longer require 
on flights above 25,000 ft. Whereas, one flight to 35, 


+ tt 


] 


1 


flight crews reporting less fatigue than for one altituc 
flight in the B-17. In the interest of safety, at east on 
of the pilots and one crew member in the rear pressurizt 


compartment wear oxygen masks continuous!) 
15,000 ft, and other crew members keep their mas 
for instant use in case cabin pressurization is los 
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PROPELLERS as LANDING BRAKES 


: by JACK H. SHEETS 


Chief Design Engineer 
and 


GORDON W. MacKINNEY 


Installations Engineer 
Propeller Division, Curtiss-Wright Corp. 


HE aircraft designer is faced with the problem of pro 
T viding sufhcient braking capacity in any new land plane 
Jesign to limit the landing run to values consistent with 
the available length of airport runways. This problem has 
become more acute with general increases in the gross 
weights of aircraft designs being considered. The weight 
of wheel brakes for a 100,000-lb airplane is approximately 
800 lb. Any means for reducing this weight as well as 
the tre wear and brake maintenance resulting from re- 
peated use of the brakes during landing would be con 
sidered very desirable, provided such a reduction could be 
accomplished without sacrificing safety or performance. 
This paper will show that the modern controllable-pitch 
propeller provides a reverse thrust of considerable magni 
C ® tude when operated in the negative blade angle condition 


which can be used effectively to aid the designer in meet 


ng these problems. 
ad he desirability of using reverse-thrust propellers for 
ated ® tiandling large flying boats on the water has been dis 


duct cussed earlier.’ It is believed that reverse thrust from the 

h propellers of large land planes will prove equally desirable 

to supplement wheel brakes for taxying and parking. Re- 

thrust propellers have been used very satisfactorily 

= on routine operations of multiengine flying boats to give 

st fm maneuverability on the water. Test installations on land 

® planes where reverse-thrust propellers have been used as 

ling brakes as well as in combination with normal 

rakes have shown a large potential application for 
ture of controllable-pitch propellers. 





we fe ® Reverse-Thrust Values 


isidering applications using reverse thrust from 


peller, it is necessary to establish the magnitude of 

‘ verse thrusts which can be obtained with negative blade 
= a Reverse-thrust values will vary with changes in 
ower and speed, air speed, and blade angle. A 
been made to determine reverse-thrust values 


oO 








ove =: presented at the SAE National Aeronaut Meeti: 
} ‘3 geles, Oct. 5, 1944.] 
acy Cay . . 
‘ 3 irnal of the Aeronautical Sciences, Vol. 7, May, 1940, py 
’ } versible Pitch Propellers as Applied to Water Handling of 


ng Boats,” by C. W. Chillsor 





which can be obtained trom the propeller under several 
typical conditions, as well as the variation in reverse thrust 
with air speed and power, on the basis of a four-bladed 
propeller of 16 ft 8 in. diameter with blades having 93.8 
activity factor. Latest available NACA wind tunnel data 
on reverse-thrust propeller operation were used in this 
study. 

Fig. 1 shows the variation of reverse thrust with air 
speed with this propeller. Constant-speed operation in re 
verse pitch, as shown by Curve 4, gives the optimum 
reverse-thrust values. The changes in blade angle required 
to maintain constant speed as the air speed changes are 
shown in Fig. 2. A total variation in blade angle of only 
3.3 deg is required under these conditions as the air speed 
decreases from 100 to o mph. It can be seen that the nega 
tive: blade angle must be increased during constant-speed 
operation as air speed decreases since the tendency to de 
crease the torque loading on the propeller would allow the 





HE problem of providing sufficient braking 

capacity for “atl planes has become acute 
with the development of aircraft of high gross 
weight. 





One method that helps to solve this problem 
is discussed in this paper. It consists of reversing 
the thrust of the controllable-pitch propeller dur- 
ing the landing run. This method has been used 
successfully in test installations, both in com- 
bination with the normal wheel brakes and 
alone. 


It is claimed that either type of operation 
limits the landing run to values less than those 
obtained with the normal application of wheel 
braking. 


THE AUTHORS: JACK H. SHEETS (J °41), who 


tarted his engineering career in the propeller department of 


Curtiss Airplane Division in 1937, is now chief design engi 
neer in charge of the propeller design section of the Pr 
peller Division of Curtiss-Wright Corp. He is a gradu 
from the Universtiy of Michigan GORDON W. M 
KINNEY, as assistant to the manager of the installation 
department, Curtiss-Wright Corp., 1s concerned pri i 
with the application and installation of aircraft pr 
equipment. Mr. MacKinney, who grad A| 
Polytechnic Institute in 1936, was with General Electric ¢ 
in a commercial engineering capacity before joining Curti 
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®28 ACTIVITY FACTOR BLADE +h rust 
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B- CONSTANT SPEEO-1000 MP, 1800 RP (630 PROF RPw) 
C- rixeo PITCH, FIED THROTTLE-2000 HR, 
2400 RPw (640 PROR hey AT 0 wPH 
D-— rixeo Pitcn, rixtD THROTTLE -1000 HP, 
1800 RP 30 FROR RP) AT O wPH 
E ~ FIXED PITCH, VARY THROTTLE TO HOLD 2400 fPu (840 PROP wPw) - 
2000 HP AT 10OMPH 
F — rixeD PITCH, VARY THROTTLE TO HOLD 1600 RPM (630 PROP RPM) - 
1000 HP AT 10OuPH 
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The reverse-thrust 

ot Fig. 1 have been 
calculate landing 

engine speed to increase under fixed-throttle conditions. for several combinations ot reversed propellers and bral 
Curve C shows the variation in reverse thrust with air A four-engine, tricycle landing gear airplane with 1 
speed using a fixed-pitch, fixed-throttle condition. Th lb landing weight with the following assumed 
blade angle used for Curve C was selected as —22.6 deg 
at the 72 in. station, which gives 2000 hp at 2400 rpm at 
o mph. This blade angle results in approximately 1750 






nait 
C¢ 





Was used for these calculations. 
























hp at 2100 rpm (735 propeller rpm) at 100 mph with PTeRS s 
fixed-pitch, fixed-throttle operation. Curve E of Fig. 1 nae AMAT OUMETER 
presents a modification of the power conditions of the aman’ bacain be en 
preceding curves where the reverse-pitch blade angle is 

set to absorb 2000 hp at 2400 rpm (840 propeller rpm) at i , = 
100 mph and the throttle closed with the propeller in fixed }—++_. ++} } } Lt 

pitch to maintain a constant propeller speed as the air ToT tT Tt 





speed decreases. Curves B, D, and F, show the reverse 
thrust variation for similar engine-operating techniques 
for lower powers. 





A comparison between the forward-thrust and reverse 
thrust variations with air speed is of interest. Under con 
stant-speed operation, the forward thrust available from 
the propellers decreases with increasing air speed, while 
the opposite is true in the case of reverse thrust. This 
comparison between forward and reverse thrust is shown 
in Fig. 3 for two power conditions. As shown, the reverse 
thrust available at 100 mph using 2000 hp at 2400 rpm is 
approximately 83% of static forward thrust and decreases 
to approximately 41% of static forward thrust at o mph. 

These curves show that operating under fixed-pitch, 
fixed-throttle conditions of Curve C gives reverse-thrust Sia ase 
values very close to the optimum values obtained with 
constant speed and fixed throttle. The small difference in m Fig 
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. 2-Reverse blade angle variation with airspeed 
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a Fig. 3-Comparison of forward and 
“ed eumaten “s reverse thrusts 


3.6 ACTIVITY FACTOR BLADE 
CONSTANT SPEED OPERATION 


THRUST - 2OOOHB, 24008 Pw (840 PROF RPw) 
THRUST - 1OOOMP, #OOR PY (30 PROP RPM) 
THRUST — 2000HP, 2400 8PM @40 PROP RP) 
THRUST. OCOHP, 1800 REPU G30 PROF RPu) 


ss 


TeeuSsrT 


VELOCIT Y—-MPH 
Wing area, S = 2000 sq ft 
Lift coefficient, 3 point, Cz = 1.70 
Drag coefficient, 3 point, Cp = 0.15 
Braking coefficients, n» = 0.28, » = 0.15 
\irplane in 3-wheel position at 100 mph at start 
of landing run. 
constants were used to calculate the deceleration at 


arious air speeds from the expression 


g , oe 
. [7 ie SV? (uC, — Co uw |, 


propeller thrust in lb, V = speed in fps, and W = 
ling weight in lb. The landing run, S,, was then obtained 
y graphical integration of the equation 
eo V ' 
Sy | : d\ 
J Via 


s of these calculations are presented in Table 1. 


it has been assumed that brakes, where applicable, were 
ulable at the start of the landing run. Reversed pro- 
ire assumed to supply thrust in accordance with 
ot Pig. 4, which is based on an interval of 5 sec 
tume the reverse-pitch switch is thrown until full 
ipplied after the propeller has reversed. An ap 
mount of reverse thrust is available during this 
period while the propeller is reversing and power 
pplied. The calculations also allow for a re- 
increment of small magnitude from the pro- 
ich are not reversed windmilling at positive low 
throttle closed, as is the case for a normal brake 
landings with only two propellers reversed. 
oefhicients of 0.30 to 0.40 are generally recog- 
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nized as obtainable on a dry, con 
crete runway. It is felt that these 
values are too high for use under 
normal landing conditions where 
the wheel brakes are alternately ap 
plied and released to prevent over 
heating of the brakes or skidding 
the tires. Braking coefficients of 
0.28 (70% of 0.40) and 0.15 were 
selected for the landing run calcula 
tions of this paper. Considering this 
lower coefficient of 0.15 as applying 
during normal landings, it can be 
seen from the data in Table 1 that 
the landing run with two propellers 
reversed and no brakes is 81% of 
that obtained. with brakes alone. 
When four propellers are reversed 
or reverse thrust from the propellers 
is used in conjunction with brakes, 
considerable reductions in the length 
of landing run over that obtained 
with brakes alone are possible. 
Four propellers reversed and normal 
brakes give a landing run 51 to 
61% of that obtained with brakes 
alone. 

The landing run distances given in Table 1 were cal- 
culated using Curve C of Fig. 1 as the basic reverse-thrust 
values. Curve 4 of Fig. 1 shows that slightly higher re 
verse thrust values are obtained with constant-speed opera 
tion than those covered by Curve C with fixed-pitch opera 
tion. Using the reverse-thrust values of Curve A under 
the same conditions as discussed above, a landing run of 
1270 ft is obtained with constant-speed operation of four 
propellers reversed and brakes, as compared with 1290 ft 
from Table 1 for fixed-pitch operation of four propellers 
reversed with brakes. This negligible difference in landing 
run indicates that fixed-pitch operation of propellers in 
reverse during landing is as satisfactory as constant-speed 
operation in reverse. 


Table 1 — Calculated Landing Run for Hypothetical 
100,000-Lb Airplane 


Brake Coefficient = 0.28 Brake Coefficient = 0.16 
Condition Per Cent of Per Cent of 
Landing Brakes-Alone Landing Brakes-Alone 
Run, ft Condition Run, ft Condition 
Brakes alone 1710 100 2530 100 
Two propellers reversed, 
no brakes 2040 119 2040 81 
Four propellers reversed, 
no brakes 1450 85 1450 87 
Two propellers reversed, 
with brakes 1260 74 1640 68 
Four propellers reversed, 
with brakes 1050 61 1290 51 


{a) Length of landing run measured from 100 mph 

(b) Propeller-reversing switch thrown at 100 mph. 

(c) Propellers operated in reverse with fixed-pitch, fixed-throttie setting giving 2000 
hp, 2400 rpm (840 propelier rpm) at 0 mph. 

(d) Full reverse thrust available 5 sec after start of landing run, reverse thrust during 
transition period included. 

(e) Windmilling drag included from nonreversed propellers in positive low pitch 
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4 BLADE PROPELLER 
16’ 8’ DIAMETER 
93.8 ACTIVITY FACTOR BLADE 


CURVE 


A. - THROTTLE CLOSED, PROPELLER WINDMILLING AT LOW PITCH 
B - rixeo Pitcn, FIXED THROTTLE-2000HR 2400 RPM 

(840 PROP RPM) ATO wPH 
C= TRANSITION CURVE 
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a Fig. 4- Reverse thrust available during reversing operation 


m Landing Tests with Reverse Thrust 


Because of the interest of the Army Air Forces Matériel 
Command (now the Air Technical Service Command) in 
the possible application of reverse-thrust propellers to multi- 
engine airplanes, experimental installations of Curtiss elec- 
tric propellers arranged for reverse-pitch operation have 
been made on several Army airplanes and flight tests 
conducted. The authors wish to acknowledge the con- 
tribution of the Matériel Command in the demonstration 
of reverse-thrust propellers as a practical operation method 
in landing. 

As part of the Army’s test program a series of landings 
using reverse thrust from the propellers has been made on 
a service airplane equipped with Curtiss electric propellers, 
Model C644S-A. The data presented in Table 2 are an 
average of landing run measurements made on approxi- 
mately 50 landings made during this test rather than 
figures from a specific landing, since it was found that 
variations in operating technique and application of wheel 
brakes as used by the various flight crews made it imprac- 
tical to complete the tests under identical conditions. 


Table 2 - Average Landing Run Measurements Obtained 
during Tests on a Service Airplane 
Per Cent of Brakes- 
Condition Landing Run, ft Alone Condition 
Brakes alone 2700 100 
Two propellers reversed, no brakes 2050 78 
Four propellers reversed, no brakes 1430 53 
Two propellers reversed, with brakes 1400 52 
Four propellers reversed, with brakes 1190 44 
Emergency locked brakes 1300 48 


The landing run with wheel brakes can be considerably 
reduced with locked brakes as shown during this test 
when one landing made with locked brakes and no reverse 
thrust from the propellers resulted in a landing run of 
approximately 1300 ft. This cannot be considered a nor- 
mal landing since the tires and tubes for both outboard 








wheels were worn completely through and the tread 

the inboard tires was damaged to such an extent thar si. 
had to be replaced also. These tests show that with f,, 
propellers reversed and no brakes the landing ryp ail 
537 of that with brakes only. When brakes are ier 
together with four propellers reversed a landing distan 
only 44% of that with brakes alone resulted. _ 

On thjs particular installation, a reverse switch ang 
safety switch were used in series as a precaution again 
inadvertent reversal prior to the desired time. During thy 
approach, just prior to landing, the pilot placed the sa! ts 
switch in the reverse position. As soon as contact ws 
made with the ground, the reversing switch was throws 
Landings were normally made with engines idling a . 
proximately 1800 rpm. Upon throwing the reverse switche: 
the rpm windmilled upward to a value of approximately 
2100 to 2200 rpm, at which time the throttles were a4 
vanced at a normal rate to approximately rated manifold 
pressure. The interval between switching and thron 
movement was approximately 114 to 2 sec, resulting in x 
easy operating procedure. If desired, reversal may be x 
complished with engine power somewhat above 
conditions without exceeding rated engine speed 

Fig. 5 shows typical data obtained during a landing ro) 
utilizing the reverse thrust of four propellers. In this 
case, some loss of rpm prior to application of power 
be noted. A more rapid throttle advance would 
eliminated this condition. 

The airplane was quite stable under both two- and fou 
propellers-reversed condition. Since the reverse thrust o 
enly greatly increases drag, but also reduces the lift on 
greater portion of the wings, the tendency to bounce and 
float is greatly reduced. The small amount of steering 
that was necessary during the landing run was easil) 
accomplished by momentary touching of the brakes 

In order to determine the effect of unequal thrust, one 
outboard propeller was reversed in a taxi run at a speed 
of 85 mph. Under this most severe condition a straight 
course was held by the use of brake manipulation | 
steering. It is expected that airplanes having steera 
nose wheels can be handled under such conditions wit 
even more facility. 
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In this connection, it might be we 
as a standard practice, to use four propellers simultaneous) 
for reverse thrust rather than either the inboards or out 
boards, as unequal thrust effects from the various prope! 
will probably be more nearly equalized when four, rat! 
than two, propellers are used. 

On some flights it was noted that there was a tende 
to pitch forward onto the nose wheel at the time revers 
thrust was applied. This happened only on landings 0 
with the tail down in order to obtain the greatest pos 
drag effect from the wing for reducing the landing ' 
This forward pitching is believed to be due to a comb 
tion of the reduction in tail effectiveness and sudden | 
of wing lift caused by the changed nature of the airflov 
over these surfaces, resulting in a moment of the wei 
of the airplane about the pivot point of the main geat 
Such effect is, however, negligible, and with a nose-d 
landing on a tricycle gear, no tendency to pitch for 
was observed. 










































































The engine temperatures during the reverse-pi 
ings, which included reversing, applying power, stopping 
throttling back, returning from reverse, and taxyi! 
runway were satisfactory in all cases. Less tha 
rise was experienced and is considered negligible. 
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a Fig. 5- Typical data from landing run with reverse-thrust propellers 


cases, it was not possible to detect any temperature change. 
This was expected since the duration of the power appli- 
cation was in the neighborhood of 10 to 20 sec only. The 
tests were conducted with outside air temperatures of ap- 
proximately 80 F and with the cowling flaps in the open 
position. 

During this test the propellers were reversed in all cases 
alter contact with the ground had been established. In 
tder to check possibilities for reversing the propellers 
during the transition period between the actual landing 
nd the final approach, a test landing was made where 
the inboards were reversed while the airplane was approxi- 
mately ro ft from the ground. Sufficient lift was imme- 
lately lost, resulting in a rather hard impact landing, but 
causing no damage. This procedure could, it is believed, 
« used for emergencies; however, it is not recommended 
as a normal practice for both safety and passenger comfort 
reasons 

The use of reverse thrust from the propellers during 
inding is advantageous for two-engine airplanes as well 
as on airplanes with four or more engines. Test data ac- 
lated on B-25 and B-26 airplanes indicate that, using 
ropellers with fixed pitch in reverse at a blade angle 
et to give approximately 70% take-off power at o mph, 
the following results will be obtained: 

(a) Reverse thrust from the propellers only (no wheel 
raking) is approximately 95 to 105% as effective as nor- 
mal wheel braking. 

Che use of reverse thrust to supplement wheel 
‘ reduces the ground run to approximately 75 to 80% 

btained with normal brakes alone. 


# Propeller Stresses with Reverse Thrust 
it is necessary to investigate the stresses in the blades and 
cture of propellers used for reverse-thrust operation 


reversal in direction of thrust may cause higher 
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stresses due to thrust bending moments. Since the re 
verse-thrust values and resulting bending moments ob- 
tained with this propeller at roo mph are lower than those 
with forward thrust at take-off conditions shown in Fig. 3, 
the hub and blade stresses with reverse thrust will be 
lower than the forward static thrust stresses when blades 
without tilt are used. For a blade of the size discussed in 
this paper the shank stress with typical hollow-steel con- 
struction is 27,000 psi for a forward static thrust value of 
8700 Ib obtained with the power conditions specified in 
Fig. 3. Shank stresses are reduced 24% to 20,400 psi for 
reverse thrust at o mph and 8% to 24,900 psi for reverse 
thrust at 100 mph under the same power conditions. It 
follows then that propellers intended for use with reverse 
thrust as a landing brake can be operated without restric 
tions in the reverse-thrust region. 


w Propeller Equipment 


A minimum of additional equipment is required with 
the conventional electric propeller to provide reverse-pitch 
operation. A control relay and a reverse-normal switch 
are the only components which must be added to the pro 
peller circuit, although it is customary to include an addi 
tional reverse-pitch safety switch in the circuit to make 
two separate operations necessary for reversing and thrus 
avoid the possibilities of inadvertent reversing of the pro 
pellers. The reverse-normal switch acting with the revers¢ 
pitch relay disconnects the normal propeller circuit and 
energizes the reverse-pitch lead to the propeller, as shown 
in Fig. 6. Boosted voltage is provided during reversing 


and unreversing by the voltage booster normally installed 
for the feathering operation. When returning from reverse 
the control relay stops the pitch change at the low pitct 
blade angle and restores the normal propeller circuit 


Several arrangements of reversing controls have been 


used Among these is the landing gear actuated type 
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With this arrangement the reverse-normal switch is thrown 
to “reverse” during the final approach and a landing gear 
switch, which takes the place of the reverse-pitch safety 
switch, closes on contact with the ground to initiate the 
propeller-reversing operation. It has been found, however, 
that the switch on the landing gear gave considerable dif 
ficulty on the installations tried. When operated on wet 
runways moisture and ice caused switch malfunctioning. 
[t was also found that variations in the landing gear strut 
position required considerable maintenance adjustments to 
keep the switch operating satisfactorily. A landing in 
which the airplane floats for a considerable distance after 
an initial light contact where the shock-absorbing unit of 
the landing gear would not compress sufficiently to close 
the landing gear switch would prevent the use of reverse 
thrust if desired by the pilot or might result in an inad- 
vertent application of reverse thrust if a momentary contact 
switch were used. ; 

One test installation incorporated the reverse-normal 
switches on the instrument panel. These were set during 
the final approach and glide for the desired combination 
of propellers with reverse thrust. A push button, momen- 
tary type switch located within easy reach of the pilot was 
actuated at the time of landing to reverse the propellers. 
If desired a second push button could be located adjacent 
to the copilot so that either could reverse the propellers. 

Looking torward to the everyday application of reverse 
thrust for braking, it might be well to consider using a 
reverse selector switch mounted on the instrument panel 
which would be preset for the desired combination of re 
versible propellers in conjunction with a “trigger” or “gun” 
style actuating button located on the control wheel of the 
pilot and/or copilot. 


It is understood that some aircraft will incorporate the 
reverse switching in the throttle operation, using interlocks 
to prevent inadvertent operation. The question of pulling 
the throttle back through the normally closed position, in 


order to apply power for reverse thrust, has been con- 
sidered. 


However, based on experience to date, it is indi 








FEATHER AND REVERSE-NORMAL SWITCH IN NORMAL POSITION 


m Fig. 6—Electric propeller wiring diagram for use with reverse thrust 


















cated that applying power tor reverse-thrust braking 
opening the throttles in the conventional manner is mor 


satisfactory than other possible throttle arrangements whic! 
have been discussed. 







m Advantages of Reverse Thrust 


The reduction in landing run distance which is possible 
with reverse-thrust propellers used as landing brakes 
large aircraft is of primary interest. There are other 
tors, however, in connection with the use of reverse-t 
propellers as landing brakes, such as reduction in mainte 
nance and wear of tires and brakes, reduction in whee 
and brake weights, the safety factor provided when wh 
brakes are ineffective because of wet or icy runways 
mechanical failure, and aiding in taxying and _ parku 
which may be considered important. 

It has been difficult to obtain comprehensive and relia 
information on the tire wear experienced on large n 
engine military operated aircraft, since in most cases, | 
tary practices call for replacement of the tires before the 
tread is completely worn. The questioned reliability 
the tire sidewall strength, after repeated impact landing 
and the damage caused by tread and sidewall cuts, appeat’ 
to be principally responsible for this practice. Examinatio! 
of many aircraft, however, indicated that an apprecial 
amount of wear had been incurred on tires completing 
200 to 300 landings. The data obtained from commercis 
operators indicate that the average number of landing 
made on the original tread are from 500 to 650. Retres 
ing of suitable casings would boost the total numbe 
landings per casing to approximately goo to 110 








Although approximately 50% of the casings are scrappe¢ 
because of cuts and bruises, reduction of tread wear [ron 
skidding and brake action is obviously necessary. Pt 
rotation of the landing gear wheel before landing and (% 
use of steerable nose wheels to decrease the wear curing 
taxying and maneuvering on the ground may 
lengthening tire service. It is felt, however, that 
duction or elimination of braking friction drag as 
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ust braking will be a major factor in increas 
ind reducing brake wear and maintenance. 
\t 1, it appears that the reduction of wheel and 
made possible by reversible-pitch propellers, 
on the amount of braking system required to 
‘ollowing two requirements: 
sufficient braking system to make two land- 
; « on wheel brakes alone. 
Provide enough brake system to taxi satisfactorily 
' cessive brake maintenance. 
nasmmuch as the duration of braking for a landing is 
; BD eather and the brakes are normally permitted to cool 
| ving the preceding braking operation, it is believed 
rement No. 1 will be reasonably easy to meet. 
ent No. 2 may be more difficult, as constant and 
| operation of brakes in taxying introduces more 
heat-dissipation problems. With the use of a steer- 
Je type of nose wheel (on aircraft equipped with tricycle 
« gear) which, it is believed, will be used for the 
ty of new airplane designs, the taxying requirements 
hould be reduced sufficiently for requirements Nos. 1 
| 2 to be satisfied by the same brake system. The brake 
stem required to satisfy requirements Nos. 1 and 2 will, 
© of course. be adequate for parking brake requirements. 
; [he choice of landing gear for aircraft of 100,000-lb 
yross weight or over gives the designer considerable lati 
as to selection of wheel sizes, single and dual main 
b vear, and so on. The braking system may consist of a 
single set of brakes per wheel or, if desired, dual sets of 
rakes. The designer is presently concerned with the total 
ght of the wheel-and-brake combination in contrast to 
© the resultant brake effect. Provided sufficient wheel brak- 
g may be eliminated by such a means as reverse-thrust 
propellers, the selection of the lightest type of wheel to 
eet the load requirement becomes the limiting design 





te " Based on recent data obtained in connection with the 


gn of large aircraft, it is felt that approximately 50% 
the weight of existing brake systems can be eliminated 

the two previously mentioned requirements are to 
On this basis, the following approximate weight 
E~ [ ould be realized: 

Approximate 

\irplane Weight of Potential 
ss Weight, Ib Present System, lb Weight Saving, tb 


50,000 400 200 


PTR 


E> 10,000 800 400 
: 000 1700 850 
4 Chese weight savings are believed to be obtainable, since 
® ustactory normal landings can be made with reverse 
‘hrust alone, or if desired, with reverse thrust supplemented 
wheel braking after the airplane has decelerated to ap- 
imately 40 mph. In such a manner the amount of 
B work done by the brakes would at most be only approxi- 
“> of that required for a landing in which the 
: lone were used. A braking system designed to 
é ‘mit making two landings relying on wheel brakes alone 
9 ve satisfactory service when operated as suggested 
. nd cover any emergency in which engine power 
ivailable for reverse-thrust braking. 
timated weight savings can be made in more 
way. However, in those aircraft using dual 
each wheel, it is evident that the weight of the 
| brake drums could be reduced approximately 
the elimination of one set of brakes per wheel. 


) 


Mls eT ee 


The addition ot propeller aerodynamic braking is very 
valuable as a safety precaution in addition to its value in 
reducing the landing run distance and the brake weight 
With only a small weight increase in the propeller equip 
ment to provide reverse thrust, the safety factor in making 
a successful landing with a defective mechanical braking 
system is greatly increased. Landings can be made by the 
use of reverse thrust utilizing runway distances equal to, 
or less than, that required with a good mechanical braking 
system. 

Accurate data on the janding roll distance required tor 
aircraft using low coefficient of friction runways are scarce; 
however, it may be estimated that the landing distance 
required on icy surfaces or wet macadam runways is ap 
proximately double that required on dry macadam, con 
crete, and the like. On the other hand, the effectiveness 
of propeller braking is not diminished by the condition ot 
the runway surface. The importance of safety to operating 
personnel and passengers, as well as the advantages of 
scheduled operation in unfavorable weather conditions, 
cannot be overemphasized. 

For emergency landing conditions where an airplane 
must be stopped in as short a space as possible, it has been 
demonstrated that the application of full brakes, sup 
plemented with reverse thrust from either two or four 
propellers, reduces the landing run considerably more than 
any possible fully locked brake landing. 

Some military aircraft must land at air speeds fairly 
close to the stalling speed, resulting in rather high sinking 
speeds, in order to stop by the use of brakes in a limited 
distance. It would, therefore, appear advantageous to use 
reverse thrust for added braking effect, permitting highes 
landing speeds without increasing the landing roll distance. 
This will result in greater controllability of the aircraft 
while airborne and will aid in the recovery of flying speed 
if, for any reason, the planned landing cannot be made. 

Present aircraft such as the DC-3 can be quite readily 
maneuvered by means of locking one brake or the other, 
gunning the engines, and swinging the tail around. How 
ever, as aircraft with larger and larger fuselages and wing 
spans come into operation, it is believed that the advan 
tages of being able to maneuver aircraft more readily, such 
as backing into loading and unloading ramps, and so on, 
will be of considerable value. Reverse thrust from pro 
pellers will assist in parking as well as in taxying where 
possible reductions in use of wheel brakes should also be 
of value. 


= Summary 


It has been shown that aerodynamic braking by pro 
pellers is practical and desirable as a means of reducing 
the length of landing run for large aircraft. Depending 
on the application, aerodynamic braking may be used eithe: 
in conjunction with wheel braking or alone. Either type 
of operation will limit the landing run to values less than 
those obtained with the normal application of wheel brak 


ing. Advantage may be taken of these readily available 


retarding forces to permit a reduction in wheel brake 


weight, since a lower capacity is adequate with reverse 


thrust from the propellers to meet normal and emergency 
requirements. 

In view of the advantages shown, it is believed that all 
future large aircraft designs will incorporate acrodynami 
braking by means of reverse thrust from propellers for 
use during landings 
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by G. H. DENISON, JR., and J. 0. CLAYTON 


California Research Corp., Subsidiary of 
Standard Oil Co. of Calif. 


OT many years ago the development of heavy-duty 
engines, especially diesel engines, was severely handi- 
capped by the production of carbonaceous deposits in the 
piston-ring zone which rapidly led to ring sticking and 
consequent engine failure. The development of com- 
pounded oils alleviated this difficulty, and today heavy-duty 
engines operate under such severe conditions that oils con- 
taining additives are required for their successful operation. 
In the early stages of the development of compounded oils, 
additives were found which reduced ring sticking but 
which gave considerable trouble because of corrosivity to 
certain hard alloy bearing metals. However, these early 
additives furnished a fundamental lead to a study of the 
control of ring-zone deposits. The existence of this led to 
the control of ring sticking and the abundance of ring- 
sticking difficulties prompted an investigation into the 
chemistry of the formation of ring deposits and into 
methods for its control. It was our belief that once light 
had been shed on the chemistry of this phenomenon, the 
design of noncorrosive, anti-ring-sticking additives would 
be simplified. Such proved to be the case. 


An investigation of the deposits removed from stuck 


piston rings showed them to be of a highly acidic nature. 
Fig. 1 shows the results of a potentiometric titration of the 





XIDATION of lubricating oils produces, among 

other products, oxyacids, which, according 
to the study made by these authors, constitute 
the source of ring sticking because of a tendency 
to turn into insoluble deposits. 





The chemical explanation of this phenomenon 
is given here in detail, so that it may prove use- 
ful in implementing the design of noncorrosive, 
anti-ring-sticking additives for heavy-duty oils. 


THE AUTHORS: G. H. DENISON, JR., who is con 
nected with California Research Corp., is considered one of 
the world’s foremost authorities in the field of lubricating 
oil oxidation, and has made important findings in the mech- 
anism and means for controlling such oxidation. A graduate 
of University of California, where he received his doctor's 
degree in 1936, Dr. Denison has written several technical 
papers on the subject of oxidation. J. O. CLAYTON han 
dles technical and development work of California Research 
Corp. He has been active in the field of compounding 
materials and heavy duty and diesel engine lubricating oils, 
and has been granted numerous patents on lubricating oil 


additives and methods of preparing these materials. An 
alumnus from the University of California, he received his 
loctor’s degree from that school in 1931 











Chemistry and Prevention of 





PISTON-RINt 


traction extracted by a solution of 4 parts benzene and 





part alcohol from such deposits. This curve indicates tha 


the benzene-alcohol soluble material contains acids of tel; 
tively high acid strength. Moreover, an appreciable fractic 


ot the deposit, in this case 22%, consists of such acidi 


material. 


Because no simple method of analysis could be used 


characterize the whole ring deposit, and since such a 


analysis would be valuable in comparing deposits, 
empirical one, as shown in Fig. 2, was developed 
defined by this scheme of analysis, Acids I might ix 
expected to contain some nonacidic material, but wer 


actually found in the main to be acids having relatively 
high acid strength. Acids II represent those acids which 
existed in the deposit in a combined form, such as lactones 
or esters, and which were freed by saponification. Acids 
III somewhat resemble Acids II, but the potassium salts are 
less soluble in alcohol than are those of Acids II. In mos 
cases approximately 15% of the petroleum ether insoluble 
fraction was lost in the course of this analysis, apparently 
The deposits from engines 
operated with several different crankcase oils were sub 
jected to this analysis. In each case the engine was a 1-y! 
spark-ignition engine operated under such severe conditions 
that an uncompounded oil would ordinarily cause ring 
sticking in 30 to 60 hr. The results of empirically char 


as water soluble material. 


acterizing piston deposits from various oils are shown 
Table 1. The percentages are based on oil-free sam 


Despite the variation in the oils and in the condition of the 
pistons (that is, piston rings free or stuck) the composition 
of the deposits is similar. This seems to indicate that the 
actual mechanics of deposition is independent of the oi 
type, at least within the limits explored. However, the rate 
of deposition is much higher for poor oils. It is interesting 


to note that the ring deposits contain at least 20 t 
of relatively strong organic acids or products, such as ¢s 
or lactones, immediately derived therefrom. 


An ultimate analysis of Acids I and Acids II tak« 


piston deposits indicates the presence of combined oxygen 
considerably in excess of that required by the carboxy 
groups. This fact, in addition to the relatively high acie 


strength, led to an attempt to relate the piston-deposit 
with the petroleum oxyacids discussed by Chernojuk: 
Crane.) 


® Properties of Oxyacids 


Chernojukov and Crane published a procedure 


[This paper was presented at a meeting of the North 
Section of the SAE, Oakland, Calif., May 11, 1943.] 

'See Neftyanoe Khozyaystvo, Vol. 24, October, 1932, pp 
‘Oxidation of Hydrocarbons Contained in Lubricating Oi! F: 
Petroleum.” by N. I, Chernojukov and S. E. Crane 
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BIKING = * 


least empirically, the various types 
leveloped in an oxidized oil. A 4 
at te description of this analysis is not 











BENZENE - ALCOHOL SOLUBLES=22% 
NEUT NUMBER OF SOLUBLES +285 


OF DEPOS 











la ertinent to the present problem but the fol 35 
liagram will serve to define what 
rmed oxyacids. Throughout the pres 
r this definition of oxyacids will be = Fig 
t the term should not be confused with 
" the German “oxyacid” meaning hydroxy acid 


lissolved in 5 volumes of ethyl ether 


be Filter 


re | 


> Insolubles 


Extract with 5% aqueous NagCOs 


> Oil layer 
Acidify aqueous fraction 


Extract with petroleum ether -> Acids 


, Extract with ethyl ether ——-——> Oxyacids 
i Previous experience with oxyacids isolated from used 
b ils by this procedure indicated that they were similar in 
r nature to the acids found in piston deposits. These oxy 
ids isolated from used oils were found to be acrid, ex 
eedingly sticky fluids. These fluids were so unstable that 
hanges in their composition occurred on evaporating the 
: thyl ether solvent at room temperature and the products 
; = ‘ormed were not completely soluble either in ether or 
. iqueous sodium carbonate. Such a tendency toward chem 
. il condensation would aid in formation of engine deposits. 


e Chernojukov analyses of a number of uncompounded 
ised oil samples show that, in general, oxyacids reach a 
. iximum concentration of the order of 0.2% and that 
9 vhen such a concentration is attained ring sticking usually 
\ctually, 0.2% is the order of miscibility of petro 

oxyacids in an uncompounded oil. These observa 

ns indicate that when oxyacids are developed in an oil 

ounts exceeding their miscibility limit, they deposit 


‘ apidly on engine parts and eventually condense to hard 


posits 


In order to investigate this phenomenon further, the 
lowing experiment was performed: A small iron cylinder 
naintained at 500 F was immersed for 40 hr in 3 | of oil 
‘ld at a bulk temperature of 200 F, and the deposit 
‘on the iron cylinder was noted. Fig. 3 shows the 
' sO testing a straight mineral oil and the same oil 
3% oxyacids. The heavy, hard deposit formed in 
“ie latter case is ample evidence of the tendency of oxy- 
deposit from an oil onto a hot surface. The fact 
yacids preferentially coat a hot surface, as shown in 
eriment, was not unexpected since they had been 


{ 2 3 
CC. 0.1 N-NaOH 


— Acidity of piston-ring deposits — benzene-alcohol solubles 


shown to condense readily, even at room temperature, to 
yield highly insoluble residues. 

These properties of an oil oxidation product are ample 
to permit it to produce lacquer and gum and to cause stuck 
piston rings. 


mw Identity of Oxyacids and Acids in Deposits 


That the acids recovered from deposits removed from 
stuck rings are, in fact, identical with the oxyacids pro 
duced in the oil is borne out by the data of Table 2. The 
deposit obtained from stuck pistons was broken down 
according to the scheme of Fig. 2 and ultimate analyses of 
the fractions were obtained. In addition, a sample of oxy 
acids isolated from oil oxidized in glass equipment was 
pyrolized at 500 F, then similarly broken down according 
to the scheme of Fig. 2 and analyzed. The similarities of 
the ultimate analyses and acid dissociation constants for 
Acids I, and the similarity of the ultimate analyses for 
Acids II from both sources, bear out the identity of oxy 
acids produced in the oil and the material causing ring 
sticking. In addition, the results of this experiment demon 
strate the production of a highly condensed insoluble 
residue from oxyacid pyrolysis and indicate that much of 
the nonacidic fraction of ring deposits must also be of 
oxyacid origin. The higher carbon-hydrogen ratio, that is, 
the higher carbon content of the insolubles from the ring 
deposits, is due to entrained blowby carbon from fuel 

In order to determine further the role of oxyacids in ring 
sticking, an attempt was made to operate a small, 1-cyl, 
spark-ignition engine on a 1% colloidal suspension of 
oxyacids in mineral oil, but deposition on the piston was 
so rapid that a satisfactory engine run could not be made 


= Cause of Ring Sticking 


This evidence, summed up, seems fairly certain proof 
that oxyacids formed in the course of lubricating oil oxida 
tion condense among themselves, preferentially on hot sur 
faces to give rise to deposits, the most important of which 
are those formed in the piston-ring belt causing ring stick 
ing. The actual nature of the chemical condensation 
reaction has not been established. Ultimate analyses of 
oxvacids show them to contain many oxygen atoms per 
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a Fig. 2 — Piston-deposit analysis 























In these equations, H(QOA) 
to represent oxyacids. In the case of 
OIL num dinaphthenate, Al(Naph), OH 


i, 





example, the oxyacid would re 
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Lae 
naphthenic acid radical in tt It. fr 
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SAPONIFY RESIDUE WITH 
KOH (ALC.) AND FILTER 


RESIDUE FILTRATE 


ACIDIFY AND EXTRACT 
WITH ALCOHOL 
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|} ACIDS mm | 





| RESIDUE | 





ACIDIFY , REMOVE ALCOHOL, 
AND EXTRACT WITH ETHER 


~ 


naphthenic acid H(Naph) and vieldins 
complex oxyacid salt Al(OA), Napt Pas 
\ second molecule of oxyacid mi 











react to yield an aluminum “ 
\l(OA)2 OH. 

It is appropriate to digres 
and consider the significance oj 

















acidity and basicity in an oil solutic 





order for reactions of the type d 






described 
occur iN an aqueous system, would 
necessary, in the absence of solubilin 





volatility differences, for the acid free 
the reaction to be the weakest acid 


system. If this extrapolation from 









iQue 











to lubricating oil solutions could be 








molecule in excess of those in the carboxyl group. At least 
one of these, as shown by the acetyl value, appears to be 
present in a hydroxy] radical. The frequent occurrence in 
deposits of condensed but saponihable oxyacids would 
indicate that the first step probably involves some dehydra- 
tion. However, in spite of the fact that the actual nature 
of the condensation reaction is unknown, it seems definite 
that oxyacids are the chief source of ring deposits. 


m Action of Anti-Ring-Sticking Agents 


In the past the action of anti-ring-sticking* agents has 
always been considered to be purely physical. By analogy 
with the action of alkali metal soaps in aqueous solutions, 
the phenomenon of the prevention of formation of engine 
deposits has been termed “detergency” and the agents used 
for preventing the formation of deposits are called “deter- 
gents.’ The physical mechanism involved in preventing ac- 
cumulation of “dirt” in engines is discussed at some length 
by Bray, Moore and Merrill,* and by Talley and Larsen.‘ 
The action of a lubricating oil detergent in suspending or 
peptizing soot or other chemically inert substances can be 
explained only on a purely physical basis. 

With oxyacids established as a source of engine deposits 
and ring sticking, another possible mechanism of the action 
of many anti-ring-sticking agents can be advanced. In 
general, anti-ring-sticking agents are salt-like compounds 
made from acidic organic material. Many of these salts 
may be considered as being basic with reference to oxyacids 
in the same sense that sodium acetate is considered as basic 
with reference to hydrochloric acid. Thus, in these cases 
the following reactions might occur. 


Reaction of Anti-Ring-Sticking Agents 


t. Al(Naph)op OH + H(OA) > Al(Naph) 
(OA) OH + H(Naph) 
tA. Al(Naph)p OH + 2H(OA) > 


AI(OA)» 
OH + 2H(Naph) 
2. Ca(OoCisH33Cle)2 + H(OA) > Ca(Oo 
CisH::Cl-) (OA) + C,;Ha:CleCO.H 
2A. Ca(OvC;sH33Cl.)o + 2H(OA) > Ca(OA )o 


> Cy7HyyCleCO2H 








then anti-ring-sticking soaps would n 
sarily have to be made from acids 


than oxyacids. However, this is not infallibly the 
should the acidity and basicity order be always the 

















Table 1 Analysis of Piston Deposits 


Condition of Rings 

















Acids Acids Acids |nsolude 

Lubricating Oil Tested Top Third I " 1H Residue 
OLA + 14% Aluminum 
Stearate + %2% Alu- 


Second 




















minum Dinaphthenate 360 45 F 10 12 5 n 
Oil A + %% Aluminum 

Stearate +- 42% Alu- 

minum Dinaphthenate T 7 F “ 12 5 %3 


Oil A + 14% Aluminum 
Stearate + 14% Alu- 
minum Dinaphthenate F 360 F 1 19 





























17 7 
Oil A + 14% Aluminum 
Stearate + 12% Alu- 
minum Dinaphthenate F F F 10 14 7 53 
Oil B + 2% Calcium 
Dichlorostearate 140 F F 10 5 ot 
OIA ‘ 90 360 F 7 W 7 60 
OIC 80 F F 8 12 13 58 
oD 360 F F 7 4 50 
Average 4 13 8 59 
« Numerals indicate degrees of total circumference stuck, T Indicates ring 
tight but not stuck, F indicates ring is free. 
Notes: Oil A - acid-treated California naphthenic base oil - SAE 30; Oi! 8 - 





vent-treated California naphthenic base oil - SAE 30; Oil C - solvent-treated Californ 
paraffinic base oil - SAE 30; Oil D - mixture of Oi! C with a solvent-treated Californs 
naphthenic base oil - SAE 30. 




















Table 2 — Analysis of Piston and Synthetic Deposits 


From Piston Rings 
































and Grooves Synthetic 
Acids | Cn Hi .22N 0o.: N Cn Hi 2» O 
CN Hi asN Oo. 45N CnH nO 
Cn Hy. sn Oo 19 Cn Hi seh Oo a18 
Cn H; 23n O 
Average = Cn Hi. 356n Oo. oN Average = Cn Hy wn Oo» 
Dissociation constant Dissociation constant 
Approximately 5 « 10° Approximately 1 x 10 
Acids II CN Ho,o2n Oo,a5n Cn Ho ox O 
Cn Ho.93n Oo. asn Cn Ho ox O 
Cn H).10N Oo son Cn Hy on O 
Average = CN Ho osn Oo uN Average = CN Hy «x 9 
Insoluble Residue CN Ho,20N Oo, 20N Cn H::N 0 
Cn Ho. 29n Oo 10N CN Ho «nx O 
CN Ho.20Nn Oo,15N 
Average = CN Ho x%N Oo yon Average = Cx H 











>The term “‘anti-ring-sticking agent” is used here to d 
pounds that prevent the formation of ring-zone desposit 
other than complete inhibition of all oxidative 

3 See SAE Transactions, Vol. 44, 
provements in Diesel-Engine 
Moore, Jr., 








change 
January, 1939, pi 
Lubricating Oils,”” by U. B 
and D. R. Merrill; also Ot] and Gas Ji 

















urn 
June 16, 1938, pp. 47, 50, 52, and 55: “Improvement 
Used in Diesel Engines,’ by the same authors 

*See Industrial and Engineering Chemistry (Analyt 
Vol. 15, Feb. 2, 1943, pp. 9-15: ‘‘Lubricating Oil Det 
S. K. Talley and R. G. Larsen 
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MINERAL OIL 
DEPOSIT .0290 GRAM 


a Fig. 3—Deposition of oxyacids 


in oil. 


The tundamental test of 
rability of these reactions, in the ab- 
knowledge ot acidity in oil solutions, 
reactions be made to take place, for 
glass? 
voing further in attempting to estab 
type of reaction, it is interesting to 
t the complex oxyacid-naphthenate salt 
le with oil and that the “dioxyacidate” 
suspension in mineral oil has, as 
y engine tests, no deleterious effect 
gy sticking or lacquer formation. 


tions of the above mentioned type were 


blished by subjecting a mixture of an 


g-sticking salt and suspended oxyacids 


ral oil to a vacuum distillation and 
ilyzing the distillate for acid. Acids in 
late should be naphthenic acids only, 
oxyacids are not distillable. In Fig. 4 
given showing the acidity of overhead 
n from distillation of the following 


containing 16% suspended oxyacids. 


ontaining 13% magnesium naphthe 


ontaining 16% suspended oxyacids 
magnesium naphthenate. 


ting the values for the two blanks 
b) from (c), the curve was obtained 
reed by the interaction of oxyacid and 
s curve, as seen in the diagram, ap 
closely the amount of acid which 
lly should be freed by replacement 
phthenate group. The oxyacids used 
of mineral acids and naphthenic 
i like manner, the curves of Figs. 5 
aluminum dinaphthenate and cal 


hlorostearate (both of which reduce 





TOTAL ACID DISTILLED 


MINERAL OIL + 0.3% OXY-ACIDS 
DEPOSIT 1595 GRAM 


ring sticking) were obtained, substantiating reactions ot 
the type described. These reactions then could occur in 
engines operated with heavy-duty-engine lubricating oils 
containing such additives. 

Under the conditions of the distillation experiments, the 
driving torce of the reactions could have been the removal 
of the distillable naphthenic acid. In order to determine 
whether these reactions might occur under other condi 
tions, the following experiment was conducted. 
mass consisting of 12 g of oxyacids in 50 g of a 10% 
aluminum dinaphthenate solution in oil was stirred gently 
under nitrogen at 340 F for 90 min. The mass was taken 
up in petroleum ether and filtered. Oxyacids, being in 
soluble in petroleum ether as well as in oil, were thus 
removed as residue. The filtrate was dark colored, indi 
cating the presence of a soluble compound of oxyacids 
The filtrate was then caustic washed to yield an aqueous 
solution of the sodium salts of the organic acids. This 
wash was acidified and extracted, first with petroleum 
ether to remove naphthenic acids, then with ethyl ether to 
isolate oxyacids. The latter, after removal of solvent, con 
sisted of 3.59 g of oxyacids which titrated as having an 
equivalent weight of 410. Assuming the replacement of 
only one of the naphthenate groups of the aluminum 


dinaphthenate by one oxyacid radical, 3.52 g of oxyacid 
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Fig. 4—Chemistry of piston-ring sticking — proof of reaction by distillation 


(magnesium naphthenate) 
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a Fig. 5—Chemistry of piston-ring sticking — proof of reaction by distillation 


{aluminum dinaphthenate) 
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a Fig. 6—Chemistry of piston-ring sticking - 
proof of reaction by distillation (calcium gj. 
chlorostearate } 





Other anu-ring-sticking agents which wy 


VUld 
be expected to undergo reactions with oxyaci 
include metal phenates, alcoholates, and hj, 
phenates. The phenates and alcoholates ay 
strongly basic and oils containing these add 
tives can be utrated with acid. After use in 











engine such oils become acidic, showing ¢ 




















the weak acids in the salts are replaced 
stronger acids (oxyacids) formed on oxidat 
ot the compounded oil. 


Such a mechanism is undoubtedly nor 
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would be the theoretical yield. ‘This experiment establishes 
the operability of the above reaction! under conditions 
approaching those existing in service. Similar checks were 
established for other salts. 








Therefore, the reaction between oxyacids and certain 
salts, as indicated, seems general and quite capable of 
occurring under engine conditions. It is, moreover, signifi 
cant that the mixed salts of the type aluminum oxyacidate 
naphthenate are oil soluble and do not give rise to ring 







sticking. Such solubility behavior would permit oxyacids 
to be deactivated by the formation of an oil-soluble salt, 
and the latter would then be washed away by the oil from 
hot regions where condensation to form sticky deposits 
would otherwise take place. Although none of the mixed 
salts were isolated, aluminum dioxyacidate was isolated 


from a sample of oxidized aluminum dinaphthenate com 
pounded oil. 














As stated before, the dioxyacidate is not 
soluble in oil but, as shown by engine test, will not cause 
ring sticking. 






On the basis of this theory, uncompounded oils run in a 





standard engine should show comparable percentages of 
oxyacids at the time ring sticking occurs. Furthermore, in 
the case of compounded oils, since the Chernojukov method 
of analyzing for these acids will include oxyacids combined 
is Salts, the analyses of such compounded oils should show 
much higher oxyacid values when ring sticking occurs. 
Table 3 shows results of so analyzing used oils. Straight 
mineral oils are found to have, at the time of ring sticking, 
from 0.1 to 0.2% oxyacids and the three compounded oils 
much higher, as predicted. In fact, these higher percent 
ages in the compounded oils are of the order expected 
when the anticipated reactions do occur 


















Table 3 Correlation of Oxyacid Concentration with 
Time of Ring Sticking 





Hours Per Cent 










Lubricating Oil Tested Operated Oxyacids 

Oil A + 19% Aluminum Dinaphthenate 150 2.13 
Oil A -+- 14% Aluminum Stearate + 14% Aluminum 

Dinaphthenate 150 2.18 
Oll B + Calcium Dichlorostearate 120 1.64 
OA 60 0.20 
OA 45 0.14 
onoDb 30 0.09 
OUeE 60 0.06 
One 45 0.13 





Note: Oil E - highly solvent-treated California naphthenic base oil. 














70 only one by which anti-ring-sticking agents ; 


act, since many such compounds which 

effective do not seem to be basic with res 
to oxyacids. Notable examples of such nonbasic salts 
sulfonates and salts of organic derivatives of phosph 
icid. In these cases the mechanism of the preventio: 
formation of engine deposits is probably physical and 
not be discussed in this paper. 


a Summary 


According to the mechanism here proposed, lubrica 
oils oxidize to produce, among other products, oxya 
which, because of a tendency to condense chemically 
insoluble deposits, constitute the source of ring sticking 
In the early life of compounded oils containing salts such 
as aluminum dinaphthenate, oxyacids resulting from oxida 
tion of the oil are inactivated by reaction with the « 
pounding agents, resulting in the formation of oil-soluble 
mixed oxyacid-naphthenate-type salts. Oxyacids may als 
be washed away from hot engine parts, provided they have 
been freshly deposited. In the later stages of the oil's 
when the reaction with oxyacids possibly yields the disub 
stituted salt, the ability to wash away deposits is los 
although deactivation of oxyacids still takes place. Those 
oxyacid molecules which succeed in condensing to insoluble 
residues before reaction with the salt must, of course 
remain as a deposit. 


= Conclusion 


The phenomenon of piston-ring sticking is shown to 
the consequence of the condensation in the piston-ring zone 
of oxyacids produced by the oxidation of the oil Certa 
anti-ring-sticking agents are shown to owe at least a larg 
part of their activity to an ability to react with oxyacids 
such a way as to yield an inert oxyacid soap. The genera 
precepts of the theory indicate the following necessar 
qualifications for this type of anti-ring-sticking additive 


t. Miscible in oil and basic with respect to the oxya 
produced by the oxidation of lubricating oils. 

2. Stable with respect to pyrolysis, oxidation, and 4) 
drolysis under operating conditions. 

3. Able to convert oxyacids to a form solub! 
persible in oil. 


4. Sufficiently inert as an oxidation catalyst so that m¢ 
rate of formation of oxyacids will not be so catalyze¢ 


emhanced as to overcome the action of the soap in 
ing them. 
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BTestine Heavy-Duty Ois for Navy 





HE purposes of this paper are as follows: 


|. To describe methods, equipment, and pro- 
cedures used in evaluating and selecting heavy- 
duty oils for diesel engines in the Naval service. 


2. To present demerit limits that must be met 
to obtain approval of heavy-duty oils. 


3. To show relationships between lubricating 
oil test results from small diesel test engines and 
those from the large submarine type of engines. 


4. To show certain general trends of results of 
oils tested over a period of 3!/2 years. 


5. To indicate the goals that should be met 
in respect to heavy-duty oil performance. 


THE AUTHOR: A.D. BRABBS, a lieutenant commander 
n the U. S. Navy, has, for the past year and a half, been in 
harge of testing diesel engine lubricating oils at the U. S 
Naval Engineering Experiment Station at Annapolis. Before 
his commission as a lieutenant in the Naval Reserve in 1942, 
Com. Brabbs was employed in the Lubricating Oil Division 
f General Petroleum Corp. He received his chemical engi- 
neering degree from the University of Southern California in 
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pan engines, in recent years, have been adapted to 
many new and more severe uses. Various changes 
ave been made in engine operation and in design of 
pistons, rings, cylinder liners, valves, and other operative 
rts. Straight mineral oils generally operated satisfac 
rily in the pre-war, slow-speed, cooler-running engines; 
t with the advent of increased speeds, higher tempera 
ind greater loads, parallel changes or improvements 
lubricating oils were required 
Various qualification tests are necessary in order that 
sel engines in Naval service have available heavy 


lubricating oils which will give the most satisfactory 


J 


perational results for their particular requirements. 
he utmost consideration must be given to the selection 
ricating oils for these engines in order: 
lo minimize maintenance requirements. 
lo improve operating efficiency. 
¢ purposes of this paper are: 
Co describe methods, equipment, and procedures used 
iluating and selecting heavy-duty oils for diesel en 
n the Naval service. 
present demerit limits that must be met to obtain 
il of heavy-duty oils. 
show relationships between lubricating oil test 
re his paper was presented at the SAE National Fuels & Lubricants 


Tulsa, Okla., Nov. 9, 1944.) 


May, 1945 


by LT.-COM. A. D. BRABBS, USNR 


U. S$. Naval Engineering Experiment Station 


results trom small diesel test engines and those trom large 
submarine-type engines. 

4. To show certain general trends of results of oils tested 
over a period of 342 years. 

5. To indicate the goals which should be met in respect 
to heavy-duty oil performance. 


= Requirements of Specification 


The requirements of heavy-duty lubricating oils are 
covered in the Bureau of Ships ad Interim Specification 
14-0-13, dated June 1, 1944. These oils are classified as 
Navy Symbol gooo series oils, which include Navy Symbols 
QI10, 9170, 9250, 9370, and 9500, corresponding to SAE 
10, 20, 30, 40, and 50 grades, respectively. 

The requirements of this interim specification are as 
follows: 

1. Diesel-engine lubricating oil shall: 

(a) Satisfactorily lubricate all engine parts and gen 
erator bearings. 

(b) Be noncorrosive to bearings and engine parts 

(c) Not cause ring sticking or clogging of oil 
channels. 

(d) Keep cylinder and ring wear down to 2 mini 
mum. 

(e) Not cause excessive carbon deposits on any part 
of the engine. 

(f) Show superiority over Navy Symbol straight min 
eral oil when tested in diesel test engines 

The diesel engines and respective operattng conditions 
used to determine compliance of heavy-duty oils with the 
above requirements are shown in Part A of Appendix I. 
‘2. The addition of new oil to used diesel-engine oil shall 
not cause sludging. This is determined by a “Compatibility 
Test,” the procedure for which is described in Part B of 
Appendix I. 

3. Mixtures of additive and straight mineral oils shal! 
perform as well as straight mineral oil alone. This is deter 
mined by a 300-hr test in an Atlas Lanova diesel test engine 
using 50/50 mixtures of the two oils 

4. The lubricating oil shall satisfactorily lubricate a 1-cyl 
diesel engine when contaminated with 2% by volume of 
sea or fresh water. Conformance to this requirement is 
carried out in an Atlas Lanova diesel engine according to 
the procedure shown in Part A of Appendix I. 

5. Additive agents shall remain uniformly distributed 


The opinions or assertions contained herein are the 
private ones of the author and are not to be construed 
as official or reflecting the views of the Navy Depart- 
ment or the Naval Service at large. 
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m Fig. | — Pistons from GM V1I2-278 diesel engine after 500-hr test 
of heavy-duty lubricating oils — antithrust faces 
ticking 3a rit nead 1CQue Ind ige 6 } 
Ring sticking + j 1 ? 
Ring st 0 ts; crosshead ye: 0.7 
tstanding 


throughout the oil at temperatures from 10 F above the 
pour point to 250 F. This is determined by a “homogeneity 
test,” the procedure for which is described in Part C ot 
Appendix I. 

6. Diesel-engine lubricating oil shall conform to the 
physical and chemical requirements shown in Part D of 
Appendix I. It will be noted that the viscosity limits of 
200-280 SUS at 130 F for N. S. 9250 oils have been changed 
in the new specification to 200-255 SUS. Changes will also 
be noted in the pour-point requirements of Navy Symbol 
g110 from o F to —10 F, and Navy Symbol 9500 from 
20 F to 15 F. The flash-point requirements of N. S. g11o 
and 9250 have been raised 20 F, to 360 F, and N. S. g500 
has been lowered 30 F, to 400 F. 

7. The oil shall be compatible with all other diesel 
engine oils previously approved for Naval service. The 
procedure for this test is described in Part B of Appendix | 
under “Compatibility Test.” 

8. The oil shall not produce excessive foaming. The 
procedure used to determine compliance of test oils with 
this requirement has been changed in the recent specifica 
tion. The method developed by the Coordinating Lubri 
cants Research Committee, and now required in the Army’s 
Specification 2-104-B, has been adopted by the Navy. The 
test procedure is given in Part FE of Appendix I. 


mw Demerit System 


The Navy has developed and adopted a demerit rating 
system to evaluate the quality of a heavy-duty oil from th: 
results of diesel-engine tests. This system has been fully 
ciscussed by E. N. Klemgard.' However, since subsequent 
changes have been made, a brief review is given in this 
paper. \ complete detailed description of the method of 
the engine tests and Part A of 
\ppendix II. 

Prior to April 15, 1943, the demerit system was divided 
nto three 


items rated is given in 


main classifications: 
t. Overall engine cleanliness rating. 


>». Overall wear rating 


3. Overall stability rating 


\ numerical value of 0 Was assigned fOr the be St possible 
engine condition and a value of 10 for the worst condition 


: : : 
Each of these general classifications included averages from 
a number of 


For example, the overall 
cleanliness demerit included ring sticking, liner lacquer, 


individual ratings. 





See SAE Transactions, Vol July, 1942, pp. 284-2 
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Table 1- Demerits of Three Oils Tested in 
GM V12-278 Diesel Engine 


Demerits 
Items Rated 
Oil Unfavorable Passing Outstandir 
Hours 500 500 500 
Ping sticking 1.8 0.6 0.5 
Crosshead lacquer and siudge 6.1 2.3 0.7 
Cylinder-liner lacquer 0.2 1.0 0.1 
Air-port restrictions 0.5 0.0 0.1 
Ring-groove deposits 2.1 1.5 0.8 
Area above top-ring deposit 3.8 3.2 3.0 
Piston-land deposits ®t 1.5 0.8 
Oil system sludge deposits 1.0 1.0 0.0 
Oil ring slots 0.1 0.0 0.0 
Oil ring holes 0.1 0.0 0.0 
Scuffing 0.0 0.0 0 
Corrosion 0.0 0.0 .0 
piston-skirt or crosshead lacquer, valve stick 


scavenge-port restriction. The condition of the rin 


ton skirts, or any separate part of the engine could : 


determined individually trom these overall ratings 

the original data were reviewed, because the 

would be masked when averaged with others. A 

was, therefore, devised in which a numerical 

assigned to each individual engine part inspected 
The tollowing additional items, previously 

have now been incorporated in the demerit syste: 
1. Ring-groove deposits. 


2. Piston-land deposits. 

2. Area above top-ring deposits. 

4. Oil system sludge deposits. 

5. Oil ring slots and holes deposits. 
6. Scufhing. 


Crosshead lacquer and sludge. 

8. Crosshead sludge. 

Items 1 through 5 were added in order to deter 
tendencies of heavy-duty oils to form carbon and 
deposits in various locations near the combustion 
and to determine the sludging properties of the oils 


was added to determine an oil’s resistance to scuthny 


crosshead lacquer and sludge and the crosshead 
demerits were incorporated in order to different 


tween the soft oily sludge and the lacquer deposits « 


piston skirts. This sludge, which often forms o1 


tons of small diesel test engines, should not be cons 
as deleterious to engine operation as the deposits o! 


lacquer and, therefore, should not be rated as se‘ 


In order to differentiate between these two 
deposits, the piston is wiped with a dry clot! 


deposits rated. This is called the crosshead lac: 





m Fig. 2 — Pistons from Atlas Lanova diesel engine ot 
300-hr test of heavy-duty lubricating oils — thrust fe 
A. Ring stick 5: 0.0 j ee id . 
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Table 2 Maximum Passable Demerits for Heavy-Duty Oils 
Engine Name 


GM GM Atlas Caterpillar Caterpillar 
1-71, 6-71, Lanova, 1-Cy! D-4400 
Demerits Demerits Demerits Demerits Demerits 
- 1.0 1.0 0.0 0.0 0.5 
“ 4.0 5.0 1.5 0.5 5.0 
Sa 3.0 4.0 1.0 0.3 3.5 
Seal 4.0 5.0 1.5 0.5 5.0 
- er 0.5 0.7 0.5 0.2 0.2 
Aire 3.9 6.0 
“ sits 2.5 3.0 3.5 2.5 2.5 
2.5 2.0 2.5 1.5 1.0 
Ms 2.5 3.5 2.0 1.5 2.0 
18 4.0 3.0 3.0 3.0 4.0 
0.6 0.4 0.4 0.3 0.8 
es 0.4 0.2 0.2 0.2 0.2 
Ge iff 0.0 0.0 0.0 2.0 2.5 
, af 2.5 1.5 2.0 1.5 1.5 
r 3.5 2.5 3.0 3.5 3.0 
bearing 
a 4.0 4.0 4.0 4.0 7.0 
. None None None None None 
‘a Wh his value equals the crosshead lacquer and sludge demerit, the crosshead 
° quer demerit must be 0.0. 
4 ' y. The piston is then washed thoroughly with 


1g a soft rag and again the deposits left on the 
ated. This rating is called the crosshead lacquer 
vy. The difference between the two ratings is called 
| sludge rating. It was found that in rating the 
sits on pistons taken from the submarine type ot 
this procedure was not necessary, because the 
rmed are not soluble in naphtha. The crosshead 

| sludge rating, only, is determined. 


BD a Results of Heavy-Duty-Oil Tests 


Diesel-engine tests of heavy-duty oils made at the Engi 
Experiment Station are for 300- and 500-hr dura 
out oil change. Make-up oil is added only when 
Before starting a test in a small diesel engine, 
two new pistons with rings, cylinder liners, and 
g-rod bearings are installed, the number depend 
y upon the engine. All parts of the engine are thor 
ghly cleaned and a 2-hr flush run is made using the oil 
The large S/M type of diesel engine is also 
cleaned and a 10-hr flush run is made betor 
x an oil test. Pistons, piston rings, cylinder liners, 
ind the like, are inspected and replaced if defe: 
tollowing engines are used: 
ne types. 
(seneral Motors 16 248 278. 
General Motors 16 248-A. 
General Motors V12-278. 





. Pistons from GM 1-71 diesel engine after 300- 


test of heavy-duty lubricating oils — thrust faces 
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a Fig. 4- Pistons from GM 6-71 RA diesel engine after 
300-hr test of heavy-duty lubricating oils - antithrust 
faces 


2. Atlas Lanova ILN29. 

3. General Motors 1-71 

4. General Motors 6-71 

5. Caterpillar 1-cyl 

6. Caterpillar D-4400. 

>. Chevrolet. 

The Bureau of Ships, through the cooperation of Gen 
eral Motors Corp., was able to expedite heavy-duty-oil tests 
by obtaining permission to use three GM V12-278 power 
house diesel engines located at Cleveland Dhiesel-Engine 
Division, Cleveland, Ohio. These engines operate at the 
same loads and speeds, and tests of reference oils in each 
engine indicate that comparable results may be expected, 
regardless of which engine is used for test. 

The Chevrolet engine tests, although not included or 
required by specification 14-0-13, are run in order to eval 
uate the bearing corrosion tendencies of heavy-duty oils 
The engine is operated in accordance with the conventional 
procedures described in the CRC designation L-4 test 

1. General Motors V 12-278 Diesel Engtne-— Table 1 
shows the demerits of an unfavorable oil, a passing oil, 
and an outstanding oil, all tested for 500 hr, without oil 
change, in the same GM V12-278 diesel engine. These 
results were taken from representative oil tests made in 
this engine. For an oil to pass the large S/M type of diesel 
engine test satisfactorily, the results must be as favorabk 
as those given for the passable oil, provided the oil was 
tested in the same engine. If an oil was tested in another 
submarine type of engine, such as the GM 16-248/278, the 
results of the test oil would be compared with the result: 
obtained from tests run in that particular engine. The test 


° 5 | 
oils are evaluated in | 


ike manner in small engin Fig. 1 
shows the unfavorable. passing, and outstanding piston 
taken from the Vr2-278 diesel engine used in testing the 
three heavy-duty oils shown in Table r. 


2. Atlas Lanova Diesel Engine — The 


the Atlas Lanova dies 


pistons taken Tror 


engine (Fig. 2) show a comparisor 


hetween an unfavorabk oil and an outst nding oil. It wil 


i 


be noted from Fig. 2 that this engine does not str ul 

detergent characteristic ; of th heavy luty oO ’ 

hy the low crosshead la quer ind 3] ida lemerit 
ig-sticking demerits of all heavy-duty oils t 

engine are o the ne ¢ is the re he | : 

T-cyl engine a | ir] lly lower than those for the Cater 


“1, and GM 6-71 engines 
General Motors 1-71 and 6-71 Diesel Engin 
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= Fig. 5—Pistons from Caterpillar 1A diesel engine 
after 500-hr test — antithrust faces 


tests made on heavy-duty oils in a GM 1-71 and GM 6-71 
(Figs. 3 and 4, respectively) show greater differences in 
crosshead lacquer and sludge than those made in the Atlas 
Lanova and Caterpillar 1-cyl engines. The ring-sticking 
demerit for all heavy-duty oils tested, ranges from 0 to 3 in 
the GM 1-71 and from o to 1.9 in the GM 6-71. 

4. Caterpillar 1-Cyl Diesel Engine — The Caterpillar 1-cyl 
diesel-engine tests show the lowest ring-sticking and cross 
head lacquer and sludge demerits of the five diesel test 
engines (Fig. 5). The average ring-sticking demerit and 
crosshead lacquer and sludge demerit for all oils approved 
to date are 0.0 and 0.4, respectively. 

5. Caterpillar D-4400 Diesel Engine — The Caterpillar 
D-4400 diesel test engine is used to evaluate bearing corro- 
sion, oil stability, and detergency. Fig. 6 shows the pistons 
from an unfavorable heavy-duty-oil test and an outstand 
ing oil test. The ring-sticking demerits range from 0 to 
6.3 and the crosshead lacquer and sludge ratings from 1.7 
to 10.0 for all heavy-duty oils tested in this engine. 

6. Demerit Limits for Heavy-Duty Oils 
the maximum passable demerits 


Table 2 shows 
for heavy-duty oils for 
each small diesel test engine. A heavy-duty oil, to pass the 






























a Fig. 6— Pistons from Caterpillar D-4400 diesel engine after 300- 
hr test of heavy-duty lubricating oils — antithrust faces 
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small diesel-engine tests saustactorily, must show 


the same order as, or lower than these maximum Parag : 
It will be noted that, except for ring sticking and ; 
skirt deposits for the Atlas Lanova and Caterpillar ,; 
engines, the demerit limits are relatively the same for . 
engines. . 
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= Small Engines versus Large Engines 


Many types and sizes of diesel engines are used jp 
Naval service today. These engines are put to many 
Chere are 2-cycle and 4-cycle engines, ranging from 
2000 hp. They are used as main propulsion engine: 
ships varying in size from destroyers, escort vessels. an 
submarines to small landing craft, auxiliaries, stationan 
powerplants, generator sets, and the like. It is importan 
therefore, that lubricating oils be selected which will pe; 
form satisfactorily in small, high-speed engines as well x 
the large submarine types. 

Heavy-duty oils, submitted for approval tests, must satis 
tactorily pass the small laboratory engine tests before they 
are recommended for the large engine tests. The ides 
method of evaluating an oil’s performance would be « 
have available one or two small test engines so constructe 
that the oil’s performance could be predicted for all type: 
of Naval diesel engines. This is a far cry from the presen 
oil testing results, as can be seen from the curves shown in 
Figs. 7 through 11. . 

Fig. 7 shows a plot of the crosshead lacquer and sludge 
demerits of 10 heavy-duty oils tested in a GM 1-71 engine 
versus the same demerits for the same oils tested in a GM 
16-248/278 diesel engine. It will be noted that if the cr 
head deposits are low in the GM 1-71, it does not nece 
sarily follow that the lacquer deposits will be low in the 
GM 16-248/278 engine. However, the crosshead lacquer 
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G.M 16-248/278 (500 HOURS) 
DEMERITS 
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DEMERITS 
G.M. 1-71 (300 HOURS) 
a Fig. 7-—Crosshead lacquer and sludge demerits o 
heavy-duty oils tested in GM I-71 engine versus GM 
16-248/278 diesel engine 
eke: amen: | oe? Spee 2 ae ae 
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= Fig. 8—Crosshead lacquer and sludge demerits 
heavy-duty oils tested in GM I-71 engine versus OM 
16-248A diesel engine 
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Che average ring-sucking demerits of five 
rs outstanding oils, satisfactory oils, and straight 
mineral oils tested in five small engines and 
three types of large submarine diesel engines 
are shown in Fig. 13. The ring-sticking de 
merits of oils falling within the middle shaded 
area or below would be considered as passing 





the engine tests. Ring-sticking demerits of oils 








2 3 3 : 
DEMERITS 
G.M. 1-71 (300 HOURS) 


- falling within the upper shaded area, or 
above, would be considered as not passing th« 
engine tests. Fig. 14 shows the crosshead 


. Fig. 9- Piston-ring-sticking demerits of 17 heavy-duty oils tested in GM 1-7! lacquer and sludge demerits of tests run on 


diesel engine versus three large diesel engines 


and sludge demerits of eight heavy-duty oils tested in the 
GM 1-71 plotted against the same demerits of the same oils 
the GM 248-A (Fig. 8) show very good correla 
tion. Fig. 9 again shows the failure of correlation of the 
results of a plot of the ring-sticking demerits of 17 heavy 
‘uty oils tested in a GM 1-71 versus the ring-sticking 
lemerits of the same oils in the GM_ 16-248-A, GM 
6-248 278, and GM V12-278 diesel engines. 
[he results in Fig. 10 show that the crosshead lacquer 
{| sludge demerits, for oils tested in the Caterpillar 
1.4400 engine, correlate to some extent with the demerits 
for the three large engines. Oils having high crosshead 
acquer and sludge demerits in the D-4400 also have high 
Jemerits in the three large engines. Likewise, oils having 
ow demerits when tested in the D-4400 engine also have 
ow demerits in the three S/M type of engines. 
Fig. 11 shows results of ring sticking for the same en 
gines and oils. It will be noted that no correlation exists. 
However, it is interesting to note, in comparing the two 


tested 1n 


graphs, Figs. ro and rz, that oils having low crosshead 
acquer and sludge demerits in the D-4400 and the three 
arge engines also have low-ring sticking demerits. For 
example, oil No. 1 shows a favorable crosshead lacquer and 


lge demerit of 3.1 for the D-4400 and a favorable de 
merit of 1.3 for the GM 248-A. The same oil (No. 1) 
hows a favorable ring-sticking demerit of o for the D-4400 
rable demerit of 0.8 for the GM 248-A. 
> concluded, from the data accumulated in test 
in the large submarine type of engines and 
| test engines, that oils which show outstanding 
the Caterpillar D-4400 test engine also show 
yutstanding results in the large engines 


® Test Results for 3!/-Year Period 


rves in Fig. 12 show the crosshead lacquer and 
1 ring-sticking demerits of various shipments of 
neral oils and of 55 heavy-duty oils tested from 
141, to July, 1944. The abscissa was divided into 
periods and the average crosshead lacquer and 
ring-sticking results of oils which were sub 
tested in all engines during these two months 
iged and plotted. The curves show that, periodi 
ng the past 34 years, oils were submitted for 
gave outstanding results. However, from an 
tandpoint the oils, although superior to straight 
have not been substantially improved. Th« 

nts are attributable to some individual com 


j 
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the same oils and engines used in Fig. 13 


= Future Goal of Heavy-Duty Oil Tests 


If the best demerit ratings obtained from the 35 oils 
given 500-hr tests in a submarine type of engine could be 
selected and incorporated in one oil, the following results 
would be obtained: 


Ring sticking 0.5 
Crosshead lacquer and sludge 0.7 
Cylinder-liner lacquer 0.1 
Air-port restriction 0.0 
Ring-groove deposits 0.8 
Area above top ring 3.0 
Piston-land deposits 0.6 
Oil system sludge 0.0 
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DE MERITS 
CATERPILLAR D-4400 (300 HOURS) 
a Fig. 10-Crosshead lacquer and sludge demerits of nine heavy 
duty oils tested in Caterpillar D-4400 diesel engine versus three 
large diesel engines 
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DEMERITS 
CATERPILLAR D-4400 (300 HOURS) 
a Fig. || —Piston-ring-sticking demerits of nine heavy-duty oils 
tested in Caterpillar D-4400 diesel engine versus three large diese! 
engines 
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m Fig. 12—Crosshead lacquer and ring-sticking demerits of heavy-duty oils and straight 


mineral oils for a period of 3!/2 years 


heavy-duty oils tested in smal 
engines and in large submarine. 
engines. It is concluded, how 


that heavy-duty oils, which gis 


pred 


HEAD LACQUER AND SLUG 


Oil ring slots 0.0 standing and tavorable results in the Caterpillar D-4, 
Oil ring holes 0.0 engine, have also given favorable results in the larg: 
Scuffing 0.0 marine engines. This relationship cannot be pr 
Corrosion 0.0 for oils which show 


borderline results in the ¢ 


it 


err 


The desired goal for the oil industry should be to have 
all oils, submitted to the Engineering Experiment Station 
for approval tests, fall within the range of or below the 
above demerits. 

This could be accomplished if it were possible to deter 
mine what characteristics in an oil prevent it from sticking 
rings, from forming deposits on pistons and engine parts, 
from forming objectionable deposits in the ring grooves, 
and so on; and from this information, manufacture oils 


which include all these favorable characteristics. It can be 


Table 3 - Diesel Encines and Test Procedures 


D-4400. 

3. Approximately 75% of the heavy-duty oils test 
the Engineering Experiment Station have show: 
better than those for straight mineral oils. 

4. Heavy-duty oils submitted for test over the past 3 
years have not, in general, shown sufficiently noticeabk 
improvements. However, there have been five oils 
mitted periodically over the 3-year period which 
shown outstanding results. The improvements, therefor 
may be attributed to certain individual compani 


f 












cross 











Engine Name 





Caterpillar Caterpillar GM GM 

Lanova 1-71 6-71 1-Cyl D-4400 18-248/278 248A 12-278 
Cylinders 1 1 6 1 4 16 16 12 
Cycle 4 2 2 4 4 2 2 2 
Rpm test speed 1800 1200 1200 1000 1400 450-750 400-800 650 
Brake horsepower 5 15 88 19.8 37 Variable Variable Variable 
Connecting-rod bearing material Cd-Ag Cu-Pb Cu-Pb Babbitt Cu-Pb Satco Tri-meta! Sated 
Oil temperature to bearings, F 135 230 150+ 5 212+2 155 155 15§ 
Air intake temperature, F Room Room Room Room 140+5 Room Room Room 
Cylinder (coolant out) temperature, F 175 175 175 175 200+2 150 150 150 
Duration of test without oil change, br 300 300 300 500 300 500 500 500 





f j — AVERAGE DEMERIT FOR UNSATISFACTORY OS 





~ AVERAGE DEMERIT FOR SATISFACTORY OILS 





AVERAGE DEMERIT FOR 5 OUTSTANDING OILS 





es 
seen trom Figs. 13 and 14 that the average 
. : _ 
ring-sticking and crosshead lacquer and e 
sludge demerits approach the goal but do not = 20 
: oO 
equal it. © 
3 2 
x 
L 
° - 15 
& Conclusions se 
, z }+— 
1. The five small diesel test engines and 
the large engines compare in the following ‘a 
order with regard to ring sticking, starting 
with the least severe and progressing 
. ¥ os 
(a) Caterpillar r-cyl (least). 
(b) Atlas Lanova 
(c) Caterpillar D-44: —Y 
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(d) GM 1-71 

(e) GM 6-71 

(f) Submarine type (worst) 
The 


m Fig. 13-Av 


same engines compare in crosshead 
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ATLAS LANOVA CAT 0-4400 Gu i-7 


ENGINES 


erage ring-sticking results of unsatisfactory oils, satisfa 


and five outstanding oils, from five small diesel test engines and three marine 


types 
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CROSSHEAD LACQUER AND SLU 


S/M TYPE GM I-71 
ENGINES 


CAT ICYL ATLAS LANOVA CaT 0-4400 


— AVERAGE DEMERIT FOR UNSATISFACTORY OILS 





— AVERAGE DEMERIT FOR SATISFACTORY OILS 


bg AVERAGE DEMERIT FOR & OUTSTANDING OILS 


» Fig. 14-Average crosshead lacquer and sludge results of unsatisfactory oils, 
satisfactory oils, and five outstanding oils, from five small diese! test engines and 


three submarine types 


oil industry as a whole. 
specific goals for future improvement are: 


ble i) Develop heavy-duty oils which will show results 
ub liesel-engine tests as favorable as, or better than, the 
av mbination of results obtained by selecting the best results 
Bof each of the outstanding oils tested at the Engineering 
he Experiment Station. 


Develop an oil testing engine, results from which 
ite with the results from large diesel engines. 


Appendix | 


diesel engines and the test procedures used in 
the heavy-duty lubricating oils are shown in 


patibility Test. 

m of New Oil to Used Oil- Fitty ml of the 
be tested is measured in a clean, dry centrifuge 
the tube filled to the 100-ml mark with any ot 
ed N. S. gooo series oils after use for 300 hr in 

diesel engine. Tubes are filled by the same 
tor each of the used approved oils. The filled 
then stoppered and shaken in a vibrating ma 

min at 950 cpm, at normal room temperature 
F. The tubes are then transferred to the 
ind whirled at 6000 rpm (50 to roo F) for 1 


n the tubes is then observed for possible 








Glass, cone-shaped tubes (Type | as specified ir 
4 Method 9.33, Federal Standard Stock Catalog 
veal ar) 1942) hall be used 
eS 2 ll 1 ised 
| . 
8 € uitable vibrating machine for impart 
1 ¥ } 7 , : <4 
3 tal m tion of 4% by % in , at the rate of 950 ecpn 
‘ entrifuge tubes secured to the vibrating member, 


-- n a horizontal position, may be used. 
ted Devil Vibrating Machine (paint conditioner) Catalor 
tured by Landon P. Smith, Inc., Irvington, N ; 
the specified cyclic speed and motion, fitted with an 
se ured to the oscillating shaft, and a wooden box padded 
f r holding the glass centrifuge tubes in a hori 
1s considered as suitable. Modifications required to 
specified motion are a replacement crankshaft of 1/16-in 
nkshaft pulley, 47 in. in diameter 


€ 


er 








—— , . : 
JAZZ immiscible oil layers, or appreciable increase 





in the precipitated sludge over the per cent 
found in a similar test of the used oil alone 

2. Compatibility of New Oils — The above 
procedure is followed tor this test, using 50 
ml of the new oil to be tested and 50 ml ot 
any of the approved new N. S. gooo series 
oils. Tubes are filled by the same procedure 
and the test repeated for each of the approved 
new oils. The oil in the tubes after centri 
fuging is observed for possible immiscible 
layers, precipitation of additives, or separation 
ot any kind. 

C. Homogeneity Test. 

1. Low-Temperature Test 
the oil at 212 to 220 F for 3 hr in an ASTM 


Dry 50 ml ot 
pour-point bottle. Cool the sample in a 
standard ASTM pour-point apparatus to 10 F 
below the pour point and then allow to warm 
to 55 to 65 F. No turbidity or separation 


om 6-7! 


should be observed at 55 to 65 F. 

2. High-Temperature Test -One hundred 
ml of oil at room temperature is poured into 
a 150-ml beaker, which is placed in an oven 
maintained at 250 F, plus or minus 5 F. At 
the end of 3 hr the oil is removed and ob 
served for separation, thickening, and cloud 
formation. Separation of more than a trace 
of additive or other material, as a definite 
cloud or precipitate, shall be considered reason for rejection 

D. Diesel-engine lubricating oil shall conform to the 
physical and chemical requirements shown in Table 4. 

E. Determination of Foaming Characteristics of Heavy 
Duty Oils. 

1. Apparatus. 

(a) Standard tooo-ml graduate. 
(b) 1-in. diameter gas diffuser stone sphere (Eimer 
and Amend, Fisher Scientific Co., Catalog No. 11-139) 


Table 4 — Physical and Chemical Requirements 


Navy Symbol 
9110 9170 9250 9370 9500 

Viscosity, SSU at 130 F 90-120 140-180 200-255 320-430 
Viscosity, SSU at 210 F 92-106 
V.1., min. 85 75 
Flash point, min., F 360 360 390 400 400 
Pour point, max., F —10 0 10 15 15 
Carbon residue, max. 

ashfree), % 0.7 0.9 1.1 1.3 1.5 
Neutralization No. (acid), 

max. 0.3 0.3 0.3 0.3 0.3 
Precipitation No., max. None None None None None 
Corrosion , , s o 
Ash, max., % 0.6 0.6 0.8 0.6 0.6 


Evidence of pitting of copper strip or deposits thereon shall be cause for rejection 


(c) Inlet tube attached to sphere 
(d) Bath large enough to immerse cylinder to 9 
mark. 
(e) Air supply (0.2 cu ft per hr required ) 
2. Cleaning 
(a) Clean graduate with Stoddard solvent 
(b) Clean diffuser by drawing 300 ml of Stoddar 
solvent through it, then 300 ml of benzol, and final 
ml of petroleum ether. Dry thoroughly with air 
2. Procedure 
(a) Sequence 1: 190 ml of oil is poured into grad 


uate, heated to 120 F, and cooled to 75 a Pass 


> 


cu ft of air through oil for 5 min and record foam height 
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alter 10 min of standing. 


Maximum passable limit is 300 
ml ot foam. 


(b) Sequence 2: A second sample of oil is tested in 
accordance with the above procedure at a temperature of 
200 F + 5 F. The maximum passable limit is 25 ml of 
foam. 

(c) Sequence 3: The sample of Sequence 2 is cooled 
to room temperature and tested immediately with a clean 
diffuser. The maximum passable limit is 300 ml of foam. 


Appendix Il 


\. Demerit System tor Rating the Pertormance of 
Lubricating Oils Used in All Diesel Engines. 

[. Cleanliness Demerits. 

Engine cleanliness is reported in this demerit system by 
the assignment of values of 0 to ro to the inspection results, 
as follows: 

o shall designate a new or thoroughly cleaned condition. 

10 shall represent the worst condition that could be 
expected. 

All demerit ratings shall be reported to the nearest 0.1. 

(1) Ring Sticking —- The demerit ratings of compression 
or oil rings are assigned as follows 

Condition of Rings 
All free 
One ring sluggish 
One ring 0-75 deg pinched 
One ring 75-150 deg pinched 2 
One ring 150-225 deg pinched 
One ring 225-300 deg pinched 
One ring 300-360 deg pinched 5 


Demerit 
oO 


0.5 


One ring 0-75 deg stuck ¢ 
One ring 75-150 deg stuck 7 
One ring 150-225 deg stuck 8 
One ring 225-300 deg stuck 9 


One ring 300-360 deg stuck 10 

A free ring is one that falls in its groove of its own 
weight when the piston is moved from a vertical to a hori 
zontal position. 

A sluggish ring is one which will not fall of its own 
weight when the piston is moved from a vertical to a hori 
zontal position, but can be moved by moderate finger 
pressure. 

A pinched ring is one that does not move in its groove 
under moderate finger pressure, but has a bright or pol 
ished face over its entire circumference, showing that it 
was essentially free during engine operation. 

A stuck ring is one that does not move under moderate 
finger pressure and, in addition, its face is covered by 
lacquer or carbon over any parts of its circumference, show 
ing that the ring was stuck in its groove and not bearing 
against the cylinder wall during engine operation. 

The demerit rating of a single piston shall be the nu 
merical sum of the individual ring-sticking demerits, and 
this sum shall not exceed a value of 10. For multicylinder 
engines, the ring sticking demerit shall be the numerical 
average of the individual ratings of each piston. 

(2) Liner Deposits—(a) When all of the area of the 
liner which is swept by the piston rings is definitely black 
ened by blowby gas, or coated with resins, varnish, carbon, 
or other oil decomposition products that are not easily 
removed by wiping with a clean cloth, it shall have a 
demerit rating of to. A totally clean surface shall be rated 


as 0 





Area covered: 


“%o Covered Area Demerit 


0 


0 
25 2.5 
50 5.0 
75 75 
100 10.0 


(b) The area demerits shall be modified i; 


W ith the table below: Multiply Area 


Demerit By 


Color of Lacquer 


Black T.00 
Dark brown 0.75 
Medium brown 0.50 
Light brown 0.25 
Discoloration 0.10 


For a multicylinder engine the rating shall be th 
age of the ratings of all liners. 


(3) Crosshead Lacquer and Sludge —(a) Pistons ha 
all of the skirt area below the upper rings coated with 
carbon, lacquer, or other oil decomposition products 


i 
readily removed by wiping with a cloth shall hav 


accor lance 





merit rating of 10. This demerit rating includes all adhe: 
ing sludge and lacquer deposits remaining on + 
area. 


Area covered (with sludges and lacquers ) 


“ Covered Area Demerit 


2) oO 
25 2.5 
50 5 
Fa °) 

100 10. 


(b) The area demerits shall be 
with the table below: 


modified 1 


Multiply Area 


Color of Deposit Demerit By 


Black 1.00 
Dark brown 0.75 
Medium brown 0.5( 
Light brown 1.25 
Discoloration 0.1 


The piston is then washed with naphtha using a soft 


to remove the sludge. It is again rated using the 


weighting system. This second rating, that is, the « 


head lacquer demerit rating, paragraph A (4) belo 
tracted from the first rating is reported as the cro 
sludge rating. For a multicylinder engine, the rat 
be the average of the crosshead sludge ratings of all | 
or of at least four pistons in the case of engines of 
more bhp. 

(4) Crosshead Lacquer — Pistons having all of th 
area below the upper rings coated with carbon, la 
other oil decomposition products not removed by th 
described naphtha wash shail have a 

(a) Area covered: 


demerit rating 


% Covered Area Demerit 


Oo '?) 
25 2.5 
50 5.0 
75 5 
100 10.0 


(b) The area demerits shall be modified in 


with the table below. Multiply Area 
Color of Deposit Demerit Br 
Black 1.0 


Dark brown 0.75 
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Medium brown 0.50 
Light brown 0.25 
Discoloration 0.10 


icylinder engine, the rating shall be the aves 
ngs of all pistons, or at least four pistons in 
gines of 300 or more bhp. 
ge Air-Port Restrictions — For 2-cycle engines, 
. 11 demerit shall be included, namely: the 
sort restriction demerit. For perfectly clean 
rating shall be zero; for each 5% of the total 
restricted, the demerit rating is 1. For 50% 
demerit shall be ro. For 2-cycle engines 
vorts, both inlet and exhaust port deposits 


‘ng Slot and Hole Restriction—The demerit 
range from 1o for ring slots or holes 100% 
vn to O [or clean slots and holes. 
bove Top Ring —(a) A demerit rating of 
oned when the area above the top ring 
) is covered 100% with thick hard carbon 


tely filling the clearance space and a 


1 


ean 
d Area Demertt 
QO 
2.5 
5.0 
m5 
10.( 
lemet shall be modified in accordan 
Multiply Area 
Condition Demerit By 
wn 0.0 
n ( 20° of clear 
ince space ) 1.3 
Medium thick (70% of 
j le irance space ) ).7 
Thick (completel: filling 
learance space ) 1.0 


Multiply Area 
Demerit By 


Condition 


Sott carbon 0.2 
Medium hard carbon 0.7 
Lacquer 0.8 
Hard (brittle) carbon 1.0 


Che demerit rating for the area above the top 


was covered with 75% thick, hard carbon 
Banitel 


’ a 
computed as follows 


7.5 demerits ( 


6 demerits (for 20% thin. hard 


x O ..2 demerits (for 5% medium thick 


hard carbon) 
x it Rating = 8.2 


vlinder engines of less than 200 bhp, the rating 
iverage of the ratings of all pistons. (In S/M 


ines or engines of 200 or more bhp, the rating 
} = : , ; 
ibOve top ring shall be based on the Inspection 
pistons). 
Groove Deposit: —(a) A demerit rating of 
i Ma SAC 
P) ay 945 


carbon, and 5% medium thick. medium 


for 15% thick, hard 


shall be assigned when the circumterential area of the 
inner wall of the groove is covered 100% with thick, hard 


carbon or lacquer and a rating of o when this area is clean 

[he thickness of the deposits shall be determined at four 

positions on the inner wall of the groove; namely, at 0, 90, 

80, and 270 deg from the centerline of the thrust tace 
Area Covered: 


c 


o Covered Area Demerit 


) ‘) 
25 2.5 
50 5.0 
7 7S 
100 10.0 


(b) The area demerits shall be modihed in accordance 
vith the tables below 

Chickness 

Multiply Area 
Condition Demerit By 

Clean 0.0 
Very thin 0.1 
Thin (30% of cleat 

ance space ) 0.2 
Medium thick (70% of 

clearance space ) 

Chick (completely filling 


clearance space) 


Multiply Area 


Condition Demerit By 


Light lacquer 0.1 
Soft, oily sludge I 
Soft carbon .3 


Medium hard (flaky ) 


carbon 


Lacquer ).8 
Hard (brittle) carbon 1.0 

For multicylinder engines of less than 300 bhp, the rating 
shall be the average of the ratings of all compression-ring 
grooves for all pistons. In submarine-type engines or en 
gines of 300 or more bhp, the rating shall be based on the 
nspection of not less than four pistons 

(9) Piston-Land Deposits—(a) A demerit rating of 1 
shall be assigned when 100% of the area of the lands: 
tween compression rings is covered with thick, hard car 
On OT lacque - and O whe n il] land ireas are clean 

\ re i Cove red 


( 


> Covered Area Demerit 
oO 


100 I 
(b) The area demerits shall be modified in accorda 
with the tables below: 
Thickness 
Multiply Area 
Demerit By 


Clean 0.0 


Condition 


Very thin I 


Chin (20% of clear 


ince space ) 0.2 
Medium thick (70% of 

clearance space ) 0.7 
Thick (completely filling 

clearance space ) 1.0 
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Character: 






Condition 





Light lacquer 





Sott, oily sluc ge 





Soft carbon 
Medium hard (flaky ) 
carbon 






Lacquer 










Hard (brittle ) carbon I 


less than four pistons. 


(10) Oil System Sludge Deposits 














standard sludge samples. The final rating 













Engine Part Clean 
Rocker-arm chamber ) [-3 
Rocker-arm cover 0 1-2 
Push-rod chamber Oo 2 
Oil screen Oo 1-3 
Crankcase oil pan or sump ) 1-2 

Il. Wear Demerits. 
(1) Cylinder-Liner Wear 







(o deg) and at 45, 90, and 135 deg to the 
crankshaft centerline| at the upper end ot 





travel of the top compression ring on one 
piston becomes 0.004 in. per 1000 hr per in. 
of liner diameter. 






No measurable wear, as 
compared with the original dimensions of the 
cylinder liner, shall have a demerit rating of 
o. The demerit rating for a multicylinder 
engine shall be the average ratings of all 
cylinder liners. 

(2) Compression-Ring Wear-—(a) Small 
Engines (Less than 300 Bhp)-—A_ demerit 
rating of 1o shall be assigned when the per 
cent loss in weight of compression ring(s), 









in the top groove becomes 10° of its (or 
their) original weight, computed on the basis 
of tooo hr of operation. The 





compression 
ring-wear demerit rating for a multicylinde: 






engine shall be the average ratings of the top 





rings of all pistons. For no measurable loss 
of weight, the demerit rating shall be o. 

(b) Large Engines (300 or More Bhp) 
demerit rating of 







A 10 shall be assigned 
when the per cent of assembled butt cleat 


ance increase of the compression ring(s) in 






the top groove becomes 300° of its (or their) 
original value, computed on the basis of 1ooo 
hr of operation from results obtained by not 
less than 250 hr of actual operation, excluding 
the initial wear-in period. The compression 
ring-wear demerit rating for a multicylinder 
engine shall be the average of the ratings of 
top rings of all or at least four pistons. 






5 

















0.8 


O 


Multiply Area 
Demerit by 


engines and engines of 300 or more bhp, the rating of 
piston-land deposits shall be based on the inspection of not 


4-6 


4-6 


4-0 
4-6 


{ 


6 


A rating of 10 shall be as 
signed when the average wear of a liner | measured parallel 


\rea Covered: 


( 


For multicylinder engines of less than 300 bhp, the 
rating shall be the average of the ratings of all lands be 
tween compression rings for all pistons. In submarine-type 


\ demerit rating ot 
10 shall be assigned to each engine part, listed below, 
heavily coated with sludge of any type and a rating of o 
when the parts are clean in accordance with the series o! 
shall 
average of the ratings of the five engine parts. The ce 
merits shall be assigned in the following manner: 


Light Medium Heavy 


be the than 300 


10 1000 hr ot operation, 
7-14 the maximum loss ot weight tor a single Or nult 
7-10 engine shall be reported. F< 
7-10 weight, the demerit rating shall be o. 
7-10 


weight loss due to mechanical wear. 






DEPOSIT 


| RING GROOVE _ 
CHARACT 
[UGHT LACQUER | O.! 
SOFT SLUDGE Ot 
|SOFT CARBON » 0.3 
MEO # CARBON 0.7 
ACQUER 08 
4ORD CARBON 1.0 
VERY THIN oO! 
HIN o3 
MEO THICK 0.7 
“cK 1.0 
AVG DEMERIT 


(b) Bearing Corrosion 


« Covered 
0 
25 
50 
75 


100 


Condition 
Light 
Deep 


bhp) 


concluded on page 286 


Af 


46 


(3) Scuffing Above Top Ring -(a) A demetiz -» 
1¢ shall be assigned when 100% of the area above sh. 
ring is deeply scuffed, and a rating of o when 
has occurred. For a multicylinder engine t} 
be the average of the scuffing ratings of all | 


(b) The area demerits shall be 1 
with the table below: 
Depth ot Scufiing: 


(4) Bearing Wear and Corrosion (For engine 
-(a) Bearing Weight Loss ~<A 
rating of 10 shall be assigned when the loss o 
1 connecting-rod halt-bearing shell becomes 
sq in. of projected bearing area, computed on «1 


Only the single half-she 


yr 


shall include both weight loss due to corrosior 


A demerit rating « 

















no 





t 
i 


Distons 


Area De eT 


10 


nodihed in a 


Multiply Area 
Demerit By 


measurab| 


This weig 








RING STICKING 





mm 
Otm 
40) | 
OSis 
40:8} 
7S*/ 10 


RING WO. 
FREE 
SLUGGISH 

> 








= rh ol pa TT 
7S*- 150°| 2.0 
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Fier 


wor-ees| so) |) 

ie Senet 
yoo-seo"| so] | TT 
_o- 18°60 


+ 
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oo) 


x|_78°- 150*| 7.0| 
3| 180°-228"| 8.0 
| 225°-300"| 9.0 
300°- 360710.) | 
ANG DEMERIT 
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LINER DEPOSITS PISTON CROSSHEAD DEPOSITS OIL RING SLOTS AND HOLES” 
Sees (CROSSHEAD LAO + SLUDGE] CROSSHEAD LACQUER |CROSSHEAD | 
esate FACTOR | AREA THRUST ANTLTMRUST, THRUST ANT)-THRUST! SLUDGE CONDITION }—— 
cand ca oe ss | coo 
On ane + ~ pb - —-b - +4 — i ~ a sub T 
MEO BROWN ich ae oe ce ae ae Te if 
1 BROWN | ozs ; 2 7 ee pe 7: ae ee ie 
DISCOLORATION _| 0.10 ) 40 t } [ CARBON to 
lave oemenr To a A 9 CE 
Ol SYSTEM SLUDGE AREA ABOVE TOP RING ; sd 
| CONDITION OF DEPOSIT _ CLEAN [LIGHT MEOuM|MEAVY| | QUADRANT =| (O-90° T_9otiec"| ect 270" a 
| DEMERIT © 11-3 | 4-61 7-0 THICKNESS SaaaeSe ms ae 
|ETROCKER ARM CHAMBER ee CHARACTER | FACTOR [03 07 o fas [or tre [o5,0" 2) 
|@/ ROCKER ARM COVER a 7 jeort conson | __ 03 _ +1 
ly [PusM ROO CHAMBER a so! } 
Slow scree ls Ti] # 
|Z! cman CASE Ou PAN OR SUMP i Kins 8 
| AVERAGE OEMERIT a —— 3 
SCAV AIR PORT RESTRICTION BEARINGS * SQUFFING ABOVE TO?" 
[— | Sipser] CONDITION | FACTOR] #8 
CYLINDER NO il2islelsie aa | 
r , LIGHT 
met ports [7s] | | | | | 
EXHAUST PORTS | iG | OEEP a 
AVG DEMERIT | 2.0 v . AvG DEMERT | 2.5 | 
L 
rf yy - 4 
REMARKS  * Le (ose, - Lew Zrz2zsmyg 5 we re rice 
ee sinned . INSPECTED BY 4 
HOURS 300 ENGINE 


n Fig. 15 —Diesel-engine tests of lubricating oil — engine inspection 
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New Aspects of 
AIRLINE AIRCRAFT MAINTENANCE 


HE ta ving panorama ot commercial aviation has 
T ; by ll such phenomenal haste that it is pos 
es that the left hand of the industry is quite 

what the right hand is about to do. This is 

pical of the design of aircraft and aircraft main 


Heretofore, aircraft design has preceded any conclusive 

hinking regarding the maintenance of the aircraft. This 

tuation has been caused by a lack of documented knowl- 

} edge concerning the most efficient ways of maintaining an 
ircratt and its accessories in top-flight condition. 

® The development of airline aircraft maintenance has 

§ been a slow, tedious process of trial and elimination since 

advent of the first air-mail flight 26 years ago. Now 

lependability and regularity of our airline schedules 

1s a graphic indication of the completeness and thor 

ighness of the job which has been accomplished by our 

® airline maintenance organizations. 

Most gratifying is the fact that one product of these years 

fort is an accumulation of data which convert the 

of aircraft operation from guesswork to an exact 

determinates. It is now possible to design an 

® aircraft according to an established specification for ser 

ity. It is further possible to determine and analyze 

factors influencing the maintenance of the aircraft 

ce of the delivery of the aircraft to the customer. 
hor has recently been affiliated with the establish 


++ B arcratt. kor purposes of illustration, examples of the 


Lo oe met lealing with some of the factors affecting the 





m operat efhciency of the aircraft will be shown. 

. 6 ition of a complete, predetermined program for 
operation of an airline aircraft depends on 

ee 

lesign of the airplane 


was presented at the SAE National Aeronautic Meeting 
Oct. 5, 1944.] 


HE dependability and regularity of airline 
service hinges, to a large extent, on the effi- 
B® ciency with which the job of maintaining the air- 
| cratt and their accessories in top-flight condition 
is accomplished. 
The maintenance of aircraft is now a precise 
ond exacting science, extending from the crea- 
® tion of a design through the operation by the 
© crew assigned to fly the plane — and, Mr. Stunkel 
snows, the maximum usefulness of any airline air- 
| croft can't be attained unless the maintenance 
’ program is carefully tailored to fit the operations 


or wh 


Z h the aircraft is intended. 
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# ment of a complete serviceability program on four-engine 


by REAGAN C. STUNKEL 


General Service Manager 
Lockheed Aircraft Corp. 


2. Methods developed for 1tSs maintenance 
3. Equipment and facilities for its maintenance. 
4. Frequency of maintenance tor its various components 
and accessories. 
5. Selection of maintenance parts and assemblies 
Training ot the operator’s personnel. 
Proper scheduling ot the aircratt according to maint 
nance requirements, 
Let us consider each of these factors briefly, with pas 
ticular emphasis as to their effect on the design and opera 
tion ot large four-engine aircraft. 


m Design 


An airplane should be designed to be maintained. It is 


possibl lo maintain any aircraft, but the efficiency ot main 
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ESTRICTION CONTROL VALVE 





a Fig. 2 — Mock-up of secondary system 





tenance 1s determined first on the designer's drafting board 
Service considerations must enter the design compromise 
in the preliminary stages and must occupy the same degree 
of importance as that accorded to aerodynamics, structures, 
weight, and all of the other engineering considerations 
comprising the de v¢ lopment of an airplane. 

A maintenance specification must be drawn to form an 
objective of accomplishment for detail engineering design 
This specification should be the considered result of a study 
of existing trouble frequencies, time-consuming operations, 
ind operating data of aircraft presently in operation. The 
esults of such an approach are inevitably gratitying. Dur 
ing the mock-up stages, items of equipment accessibility, 
interchangeability, inspection time, and time for replace 
ment may be carefully investigated and corrected before a 
large number of engineering hours has been expended. 

To illustrate more graphically one method of mock-up 
investigation for serviceability in the early stages of design, 
the methods and results of three types of studies are shown 
here. In this particular aircraft, the objective was to secure 

least 18 hr per day of utilization, allowing a maximum 


of 6 hr per day for all overhaul and maintenance proce 
dures. It followed, therefore, that each item of maintenance 
requiring more than 6 hr of accomplishment would require 








w Fig. 4— Mock-up of emergency and norma 













































































m Fig. 5— Mock-up of auto-pilot pane 


to reduce the maintenance 


as shown in examples selected for illu 
esugation immediately indicated the necessity for 
related functional units requiring 


interchangeable 
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6-—Cowling former support brackets 


ot this type of modification to improve 


; shown in Figs. 6 and 7. 


( 


bility, as is shown in Figs. 8 and g 


result of improvement in maintenance 


main 


ther type of change is the modification improv 


hours 


yw the entire aircraft is shown in Fig. 10, which 
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mated elapsed period required for the most time 


maintenance operation as compared with the 


required for the same conditions after 


modi 
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= Fig. 9- Cabin supercharger inlet duct 


Table 1- Serviceability Report 


1. Subject: Hydraulic units located on left-hand side of forward baggage compartment 
2. Undesirable Features - Present Design 
a. The following hydraulic units on the left-hand side of the forward baggage 


compartment are not readily accessible for inspection and replacement 


. Aspirator 
System filters 
Relief valves 
Restriction control valve 
L.g. selector valve 
Tail bumper selector and accumulator (if used 
Cabin fan shut-off valve 
Temperature relief valve 
3. Recommendation: 
a. Mount above units on a quickly removable panel between Fuselage Stations 
444 to 490 on the left-hand side of the baggage compartment. 
b. Quick disconnect couplings incorporated in lines to all units 
c. All pulleys and cable operated valves designed to remain on the airplane 
when the pane! is removed, eliminating break and disconnect points. 
d. Install drip pan and drain. 
e. Install a cover on the panel. (See attached sketches. 
4. Features Improved by Recommendation: 
a. Installation, inspection, and repair of hydraulic units greatly simplified. 
5. Time Interval Servicing Frequency: 25 hr 
6. Trouble Frequency: 200 hr 


ONO OS wr 


inspection 








Group: Hydraulic units located on left-hand side of forward baggage compartment 
Elapsed Time Data 
Present Proposed ideal 

No. of Men Time No. of Men Time No. of Men Time 
Inspection 1 0:30 1 0:10 1 ) 08 
Anticipation 
Trouble Shooting 
Diagnosis 
Repair 48:00 1 1:00 1 0:30 
Corre:t'on 

48 HR 








Minimum elapsed time onground for an /8-hr 
uti/ization time before modification 








6 HR 








VYaximum a/lowab/le elapsed time 














24-Ar per n/ ¢ 8-Ar ut zat on # me) 
Maximum elapsed time nm ground in 24-tr 
period after mod /ficat/on 
7 ©: tii 
O d 
a Fig 0 O ind r ompa r hetore snd aft modi 
f tion 
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a Fig. || -Landing gear 
and brake emergency se- 
lector valve -—inspection 


and overhaul sheets 





It an airplane has not 


been designed to facili 





tate maintenance, the 





problem of the airline 





operator then becomes 





one of utilizing his in 





genuity to accomplish 





the best possible eth 











ciency, or one of actu 





ally expending a great 





number of engineering 








hours to modify the au 





plane into a maintain 
able unit. Neither of 

















these is desirable, par 








ticularly in view of the 





fact that it is just as 
easy, when designing 
the airplane, to incorpo 
rate desirable mainte 
nance features in the 


rt 






preliminary design con 
siderations. Great emphasis has recently been lending Geor and Brake Emergency Selector Valve — Adel No. 810056-2 








accorded the supposed “value of a pound ot eo a 


weight.” This highly controversial topi Special Tools Required 














could easily be the subject of a separate paper - — aes 
It is sufficient to say, however, that the valuc OR Fn ee 


Disassembly Time — 15 Minutes 


ota pound of weight is seldom measured in 1. Remove plug No. 15, ring No. 14, seal No. 13, spring No. 12, sleeve No. 11, poppet No. 10, seal N 
: seat No. 9 from body No. 16. 


terms ot greater utilization of the aircralt. 2. At opposite end of body, repeat procedure No. 1 ; 
Every airline operator knows that in the first 3. Remove screws from leaf spring No. 4 a} 


° . 4. Remove screws No. $ from retainer plate No. 6, and remove assembly, including cam shaft N 
year of operation of a newly designed air 


5. Remove seal No. 8 from cam shaft 


plane it is often necessary to add considerably 
to the empty weight of the airplane to re 

























—_ : Disassembled by 
inforce structure. The unfortunate fact is 
that, in addition to adding to the manufa INSPECTION AND OVERHAUL — DEPT. NO. (__) 
: e . : ° 4 1 |- N | d Overbaul R Instruction 
turer s weight, the airplane is often tied up nom I Part Ses ° | Inspection and Over eq mstructions 
= : ae 1 | Serew A9722 ad 
in the airline shop while the reinforcements rei y Tass eee ae rine 
are being installed. Thus, not only does th _3_| Spacer | Ati295 | | : 
4 Spring All204 - 
airplane g: : . ——+ + = t 
urplane gain the pound of weight, but th peo sow 
_% | Screw | | | 
operator also loses the use of the airplane. 6 | Retainer A10863 
$18 i | | 
The designer’s objective must be to elimi |__| Som Sek | — | serch wee i 
x Seal | $2-7 ear and fray 
nate, to as great an extent as possible, th 9 | Seat ~ | Ani293 | Scratches, wear, etc 
necessity for maintenance. When this has 10 _| Popper__| Altzes | Scratches, wear, etc 
, ps SI A9655 
b ‘en done his next objective must be to create RI Bn + — + — a 
’ ae. ae ek eee k — 
his design, by the intelligent utilization of 13 | Seal A301D-950-750-062 | » : oe — 
. 4 | Ring—Seal | A9649 
operating knowledge and data available fron A | | 
. . 15 Plug A9676 Me | _ E 
experience, so that the result is an easily 16 | Body 110070 
maintained unit 17_|_ Return Port 
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Pressure Port 








m Maintenance Methods | It Overhauled by Tine — 10 Wines 
| Inspector! ____ 
Che transition from Operation Of relative ly Assembly Dept. No. (__) ———— 
small, twin-engine, airline aircraft to larger. _Resembly: Tine — 1) See 


1. The reverse of disassembly 
more expensive, four engine aircraft on com . 


2. Assemble all parts wet with hydraulic fluid 








mercial airlines will impose the necessity for Assembled by sea 

modified systems of maintenance. The poten Euactiqnel S00 wpe. Mo. (2 _—_—_ 
Test Time 1s Minutes a : 

tial carning powel! ol the larger aircralt 1s 1. Connect hydraulic test equipment to port No. 19, plug port No. 18, and with valve in SHUT-OFF postion, pom 


$00 P.S.1. and check for leak 
diminished in proportion to the time it must pron 










: > Turn valve to ON position and pump pressure to check relief valve setting, which should by-ps adhd 
remain in the maintenance shop. It is no The valves should reseat at 260 P.S.1 
longer practical to supply numbers of spare - 
units to enable prolonged retention of an at Total Time Required: | Hour, $ Minutes Inspector ee a 
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m Fig. 14— Main gear storage and transfer dolly; main gear and 
nose gear hoisting and installation jack 


emova 


the trouble-trequency experience with the unit. But in the 





entire period of 5000 hr, the longest single period th 
aircraft would need to be on the ground for maintenance 
ste and overhaul purposes would be 6 hr 

q plete overhaul during a single period. To 


Proper -heduled and care ’ planne ‘placement ot 
ce vility ot « ither of these unnecessary expenses, pe ly sc ( ( id Cc irefully plan ed re} | acement of 


complete functional units, as described in the design dis 


program must be designed to fit the aircraft 
cussion of this paper, enables this accomplishment. Th« 


— a tained and the route to be flown. 


raft being discussed in this paper was developed 


~¥ tained by the perpetual overhaul, continuous 
Boperat ethod. For the purpose of illustration, this ; 
ly that in a period of 5000 hr the entire aircraft : 

ed but is never out of service. During this 

D e units would have been overhauled 10 times, 
others five times, and others only one time, depending on ; 
: 
; 
; 





<a : ‘ose gear and main gear hoisting and installation jack a Fig. |15—Main gear storage and transfer dolly 
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sent filing difficulties which would 
them impractical. Replacing the old m 
system of tabular control of ite: 
mechanics tor performance has been as 





This system permits complete contro] 

work by the supervisor and eliminate 

i mendous duplication of paper work, | 
are retained by photographic means, 

The proper dessimination of technic 

to the shop is another problem conf 

the tour-engine operator. - There are s 








a Fig. 16- Proposed C-69 service pit of a complete overhaul cycle of the 
that it is no longer practical to rely 


not continue. By isolating trouble to a particular panel in 





appropriate sheets is maintained in each shop, for 








and over again. Upon completion of the overha 
~S unit, the mechanic simply initials a routing card in 
oe : that the overhaul has been performed in accordan 














The possibilities of development in this field 
limited. While I have cited here only two exan 
potentialities in this direction, similar studies may | 


gratifying results. To adjust a maintenance progra 
a particular aircraft requires a study of maintenanc 
uling, organization, inspection methods, maintena 


of other functions. 
a Fig. 17 — Proposed C-69 service stand 
an operating system otf the aircraft, the mechanic is able to = Equipment and Facilities 
remove the panel quickly, and replace it with a functionally Coupled closely with the design of the aircr 
tested unit. Thus, the aircraft may proceed 
on its schedule while the troublesome acces- 
sory is repaired on the bench. This policy of 















in this aircraft in less than 30 min, or less neat 

time than that required for any major power pe ee = > a 

plant correction. taiacised . C6 IS a eS | Dae 
Realizing that we are dealing with a larger, , a Se et 4 ee 

more intricate mechanism than ever before, 

we must. recognize the fact that maintenance 

systems devised for twin-engine aircraft oper 







: —— 
ated on relatively short domestic routes will 
not suffice for four-engine aircraft on long, > 
transcontinental or transoceanic flights. Main = 












tenance systems must, therefore, be brought 
abreast of design development. Such a com 
plete s¥stem, designed to eliminate unneces 
sary operations and to schedule properly all 
tems of maintenance and overhaul, has been 
levised for the aircraft being discussed. 


One feature of this new system is the at 





tempt to eliminate the old “inspection sheet” 
method of recording performance of line 
maintenance operations. For a large aircraft, 


a Fig. 18- Proposed C-69 service cradle 


1 
ae ’ sheets of the usual type would assup 
a Oo 4 ae proportions of a telephone directory and ., 


Vid Meti 


HS assign 


units which must be overhauled in th 


long delays incurred by trouble-shooting for incidental memory and skill of the mechanic. To handle this sit 
malfunctioning in a portion of an operating system need the sheet shown in Fig. 11 has been devised. A {J 
the accessory, instrument, lading gear, and engine 
The sheets carry explicit instructions and are use 


Sa the numbered instruction sheet. A great advantag: 
y system is the ease with which engineering instructions 
i ut changes may be introduced to the overhaul shop 


ords, trouble-frequency intervals, facilities, equit 
methods of establishing proper inventories, and a mu 


ral al 


. 4 eons Ue al 
operation may apply also to the powerplant, me TS ae 
since the entire power unit may be replaced _ aa spiel al ' oh jee 
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SERVICE [} |MOobeL SECTION 
as .. . es 
' a Fig. 19 - Card used to check each detail op- REPAIR) = O2)3) L.A.C. SERIAL NO DATE dd 8) EC), 
’ nail sring the service test of an aircraft MODIF = CUST. SERIAL NO ee oa : 
rT wh no ie oT 
AGENCY ven 
EST —_ 
LOCATION — INSP _ 
naintenance is the selection of sie sasiiaee ee | TC — 
pment and facilities for carry er oer swe — : ——_}+—_+—— 
; é z eS - I 1 . 


intent of the program, Com 
or the functional testing of 


le units is required, in addition 








WORK/INSPECTION DESCRIPTION 








S quipment tor the removal and eae nea ‘ i a 
of the unit. REMARKS ____ eA 
is shown equipment for the WH ___ a = 
installation by one man of the _ ee ae A a ce 
heels for brake inspection. Th« i ee 
g indling dolly shown in Fig. 13 1s 4 } 213] EY EY ED 
ection with equipment shown in / /. /$/2/s / ¥/ 8 ky 


remove the main gear. Fig. 15 
radle in which the gear is stored 
i. One man alone can accomplish all opera 
» this equipment. Similar equipment for facili 
maintenance operation must be a part ol i 
rv ice program. 
In designing new hangar facilities for the handling ot 
urge aircraft, consideration should be given to incorpora 
on of ideas similar to those shown in Figs. 16, 17, and 18. 
expensive to install, the time saved in the handling 
ircraft compensates for the initial expenditure. The 
rcraft may be serviced from the floor, rendering the oper 
n safer by eliminating the necessity for large scaffolds 
ind work stands. As aircraft continue to grow in size, 
eration must be given to outside service and “dock 
facilities. It will no longer be economical to service 
craft of a gross weight exceeding 200,000 lb indoors 


# Uetermination of Trouble Frequency 


[he theoretical application of trouble-frequency data 
and etermined from airline operating records must be checked 
tor accuracy during the first actual operations of the air 
ratt. Such a survey permits the modification of the main 
nance program, where required, before the airline opera 
f the aircraft. It further permits the accomplishment 
t modification affecting the efficient operation of the air 

rait in the early stages of production. 
ws heck of each detail operation during the service 
of the aircraft has been accomplished through the care 
‘observation of the service tests by field engineers. The 
ard shown in Fig. 19 is filled in for each such operation 
turned to the factory for careful analysis by service 


gineers. Asa result of this analysis, a reasonably accurate 


ecast overhaul and service periods may be made 

detore the delivery of additional airplanes. By retaining 

“ e engineers with the airplane for the first 500 hr 
operation and continuing the report system applied t 
\ ‘e service test, each phase of the maintenance program 


« proved step by step. Concurrently with the check 


formance of the aircraft, determination of th« 
of the tools and equipment supplied with the 
iV be made 


ection of Maintenance Parts 
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egic location of the proper interchangeable air 
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craft components on the airline route will assure a mini 
mum of mechanical delays due to trouble correction 
between major bases. More than ever, then, the proper 
selection of parts is of primary importance. The operator's 
investment in parts inventory must be balanced against the 


value of additional hours of aircraft utilization and the 


selection made accordingly. This selection may be made 
only by an intelligent analysis of trouble frequency, over 
haul periods, time required for overhaul for each compo 
nent, and a study of the particular airline’s operations and 
facility locations. In view of the greater cost of large air 


raft components, this problem assumes new proportion: 


= Training of Customers’ Personnel 


With the advent of cabin supercharging, h¢ 
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‘t-air de-icing 


eitelteenpitede 


= 





—— 








—— 











systems, automatic control systems, new electronic equip 
ment, and other new and complex equipment, the proper 
training of personnel to maintain the aircraft and overhaul 
its components becomes even more important. 


One example of this necessity is the advent of flight 
engineers’ stations in the larger aircraft. Since the flight 
engineer has been vested with the entire operation of the 
aircraft after take-off except for the flight controls, his 
training becomes a matter of prime importance. To assist 
in this objective, a complete operating ground trainer has 
been built for the aircraft being discussed. This trainer 
permits the instructor to set up range and cruising prob 
lems for the trainee’s determination. The control and 
emergency operation familiarization may be conducted 
without the need for actual flight. The cost of training to 





the operator is thus materially reduced, and 
visual instructional aids, will reduce the time of ing; 


of personnel. The importance of this phase of a «,, 
program cannot be over-emphasized. 















The subjects discussed briefly in this paper serve y 
trate but a small part of the planning which mug 
into the introduction of a new aircraft to an airline 
maintenance of aircraft is now a precise and eyaq 
science, extending from the creation of a design throy 
the operation by the crew assigned to fly the plane Then 
is one basic fact of which we may all be perfectly certair 
the maximum utilization of any airplane used on an aitlin 
cannot be attained unless the maintenance program js ey 
fully tailored to fit the operations for which the airplan, 
intended. 
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assigned when inspection of connecting-rod bearings shows 
pitting or other evidence of corrosion which has caused, 
or is believed will cause, bearing failures. For bearings 
showing no corrosion, the demerit rating shall be 0; and 
no intermediate ratings shall be assigned. In cases where 
the bearing weight loss demerit is not greater than normal, 
but the bearing is discolored or blackened, the bearing cor 


rosion demerit shall also be o. 


Photomicrographs shall be made in cases of pitting ot 
bearings. The rating system for bearings of engines of 


300 or more bhp is under development. 


Il. Oil Stability Demerit (Based on Bench Tests on 
Used Oil Samples). 


(1) Chloroform Solubles 
soluble 


Each 0.20% otf chloroform 
material extracted from the naphtha _ insolubles 
shall carry a demerit of 1. The demerit is 10 when the 
chloroform solubles reach 2.0%. 

(2) Used Oil Analyses 


tory tests shall be 


The tollowing chemical labora 
made for information: 


(a) Viscosity, SSU at 100 F, 130 F, and 210 F. 
(b) Per cent dilution. 

(c) Reaction. 

(d) Neutralization number. 

(e) Precipitation number 

(t) Carbon residue. 

(g) Per cent ash. 

(h) Per cent water. 

(1) Per cent naphtha insolubles (using N-butyl dieth 
inolamine coagulant). 

(;) Per cent chloroform solubles. 

Note: The interpretation of the results of the foregoing 
used oil analyses shall be considered in connection with 
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TESTING 
Heavy-Duty Oils for Nav 


continued from page 278 
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results trom inspection of the engine in whi 


htt i 





the oil was made. 





B. Diesel-engine tests of lubricating oil ar 
Fig. 15. 

C. Summary of Demerit Ratings 
of Lubricating Oil. 
Oil: B-g600 









Diesel-Eng 























Engine: 





Hr: 300 











Date: June 30, 1944 





I. Engine Cleanliness 
Ring sticking 











Crosshead lacquer and sludg« 
Crosshead lacquer 
Crosshead sludge 














Cylinder-liner lacquer 
\ir-port restriction 
Ring-groove deposit 


























Area above top ring deposit 





Piston-land deposit 








Oil system sludge deposit 








Oil ring slots 











Oil ring holes 
Scufhing 

Il. Engine Wear 
Cylinder liner 




















Top ring 








Connecting-rod_ bearings 











Corrosion 


HT. Oil Stability 
Chloroform solubles 

















IV. Remarks: One ring sluggish; one 
ee 


pinch 
25% light scuffing; 10% deep. 
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CREASES for Military Vehicles 





TANDARDIZATION of greases for military 
S vehicles has led to a reduction in the num- 
ber of greases used by the Army from nine to 
four, and Major Faust suggests that this number 
may even be reduced to three after the neces- 
sary service tests have been run. 


The development work attending the stand- 
ardization program also has led to more satis- 
factory greases. For instance, one type of 
grease procured by the Army became so stiff in 
winter that it couldn't be handled by the dis- 
pensing equipment, a difficulty that has since 
been rectified. 


There has been one application, however, 
where failures are occurring under the tough 
conditions of battle, due to the fact that the 
grease has not long enough life. This grease is 
used in the wheel bearings of amphibian equip- 
ment. The matter is now receiving careful con- 
sideration to determine whether it is possible to 
improve the present grease or whether it may 
be necessary to develop an altogether different 
product. 


——— — — EO 





presented at previous meetings have covered 


DER 
P the overall picture of the developments leading to stand- 


fuels and lubricants for military vehicles. It 
of this paper to discuss in greater detail onc 
ispect of these developments; namely, greases. 
ire little understood, but that is not surprising 
the possible permutations of the percentages 
rties of the soap and oil system which comprises 
Indeed the term itself is not definitive. Although 
tacturer usually considers grease to be a soap 
|, the term is used also for solid fats and some 
tr loosely for heavy rust-preventive compounds 
rolatum type. The remarks made here, however, 
nfined to these products falling within the con 
greasemaker. 
be emphasized that success in the effort to 
rolling” lies in preventive maintenance which, 
tandpoint of lubrication, is the right product in 
ice at the right time. These factors are deter 
velopment or research, but the benefits result 
s development can be realized only by proper 
nstructions. It is not proposed to devote any 
hase except to contrast the situation now with 
tence several years ago. The present lubrication 
issued by the Ordnance Department indicate 
hich product must be used for each lubrication 


S presented at the SAE National Fuels & Lubricants 
Nov. 10, 1944.] 
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by MAJOR N. W. FAUST 


Ordnance Department 


point that the system has been adopted by other branches 
of the Army. Several years ago, however, lubrication in 
structions were mostly a matter of reference to manufac 
turers recommendations. Considering the number of types 
ot vehicles required by the Army, it is easy to understand 
that such references would lead to confusion in instruc 
tions, to say nothing of the hopeless supply situation it 
attempts were made to furnish the numerous grades and 
types specified. 

Prior to 1942 greases required tor Army vehicles were 
procured from the General Schedule of Supplies; Lubri 
cating and Other Oils and Greases (Class 14), Procure 
ment Division of the Treasury "Department. A glance at 
the requirements for these greases given in Appendix I and 
summarized in Table 1 reveals a possible choice of nine 
greases for vehicles. Two grades each of chassis grease, 
pressure gun grease, wheel bearing grease, track roller 
grease, and one grade of water pump grease constituted 
the selection. The first step in the development of the 
present greases now in use was to reduce the choice from 
nine to five. Types C and D were selected as summer and 
winter chassis greases, respectively; Type G as the wheel 
bearing lubricant under normal conditions; and Type I as 
the wheel bearing lubricant under extreme conditions of 
heat where excessive leakage was experienced with Type G. 
Type H was selected for water pump lubrication. 

Although this reduction did constitute a forward step it 
failed to provide the Army with satisfactory greases. For 
example, many greases procured under Type D became so 
stiff in the winter that they could not be handled by the 
dispensing equipment available. Other types were not 
restrictive enough to define greases suitable for the pur 
poses intended. The requirements for Type H actually 
eliminated the conventional type of water pump grease 
because of the 250 F minimum melting point. 

Aside from these features of the specifications, the prac 
tice of procuring from the Treasury Procurement Schedule 
followed in 1942 placed considerable emphasis on brand 
name. Whether intentional or not, this emphasis prevented 
the desired degree of simplification which the adoption of 
standardized lubrication instructions would have achieved 
otherwise. A grease was always identified by its name 
rather than by the applicable specification, and as a result, 
prejudices were built up that created difficulties that did 
not exist. Thus, whenever a different brand was supplied, 
some would insist they had to have the previous grease or 
would demand that all future procurement be the new 
product. Incidentally, this explains why the present Army 
requirements on marking of lubricant containers de 
emphasize brand names by insisting on identification by 
specification number and name. 

In order to provide greases more suitable than those 
possible under the five types selected from the Treasury 
Procurement Schedule, U. S. Army specifications were pre 
pared in May, 1942. The pertinent requirements shown 
in Table 2, which is a summary of Appendix IT, indicate 
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that these specifications, in general, follow the correspond 


ing types previously prescribed. A number of important 
changes were made, however, which seemed necessary at 
the time. 


Table 1 - Summary of Treasury Procurement 
Specifications for Greases 
Pressure Track Wheel 
Chassis Gun Roller Bearings Water Pump 
Intended Use ee. Be 2 FO H 
NLG! Consistency 2 1 1 0 1 3 2 q 
Melting Point, F (min.) 300 250 250 
Mineral Oil Viscosity, 
SUS at 100 F (min. 100 100 280 280 280 280 280 280 100 
Mineral Oil Content, 
J (min.) 80 85 80 690 8 90 70 «675 65 
Water Content, %(max.) 2.0 2.0 2.0 1.5 


2.0 1.5 Trace Trace 2.5 


Soap Base Permitted Sodium, Calcium, or Aluminum, or Mixture 


Calcium, 
Alumirum, 
Zinc, Lead, or 
Mixture 


Table 2 - Summary of U. S. Army Specifications for Greases 


May, 1942 
Chassis Whee! Bearing 
Heavy- Water 
Use Winter Summer Regular Duty Pump 
U. S. Army Specification No, 2-106 2-107 2-108 2-110 2-109 
Name General General General Heavy- Water 
Purpose Purpose Purpose Duty Pump 
No. 0 No. 1 No, 2 Wheel 
Bearing 
NLGI Consistency 0 1 2 3 4 
Melting Point, F (min. 250 300 210 
Mineral Oil Viscosity, 
SUS at 100 F (min.) 280 750 100 
Mineral Oil Viscosity, 
SUS at 210 F (min.) 75 75 
Pour Point, F (max.) 5 5 
Mineral Oil Content, % (min.) 9 85 82 70 65 
Water Content, % (min. 1.5 2.0 1.5 Trace 2.5 
Soap Base Permitted 
< Calcium > 





= iit 
<— Aluminum —>  <—— Barium ——> 


The difference between Types C, G, H, and I is easily 
scen by comparing Table 1 with Table 2. At the time no 
change was considered necessary in Type D, hence, U. S. 
Army Specification No. 2-106 contained the same require 
ments, although, as will be pointed out later, some very 
definite changes were found to be necessary. The Army 
specification for water pump grease differed from Type H 
in that the soap was limited to calcium and the minimum 
melting point lowered from 250 F to 210 F. Both of these 
changes were necessary if conventional water pump greases 
were to be acceptable and there was every reason to accept 
such greases. The mineral oil content of 2-107 was changed 
from 80% minimum required for the corresponding Type 
C to 85%, and the minimum viscosity of the mineral oil 
raised from 280 sec Saybolt Universal to 750. Both of 
these changes were intended to provide products bette: 
suited for summer chassis lubrication. Similarly, the mini 
mum viscosity of the mineral oils allowable in 2-108 and 
2-110 was increased over that of Types G and I. Other 
changes were made in these two specifications to provide 
better wheel bearing lubricants. It was freely admitted 
it the time the specifications were adopted that they were 
not the complete answers, but the need for some improve 
ment over the previous ones and the lack of time for a 
more detailed study made them acceptable until further 
nvestigations could be made. 

These further investigations were started immediately 
Before discussing them, however, it might be well to keep 
in mind the following general uses of the five greases 
under discussion: 
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U.S. Army 
Specification 
No. Designation Use 
2-106 General Purpose Winter (0-22 F) 
Grease No. 0 Chassis 
2-107 General Purpose Summer (above 2 F 
Grease No. 1 Chassis 


2-108 General Purpose 
Grease No. 2 
2-109 Water Pump Grease 


Wheel Bearings 
temperatures 

Water Pumps | 
temperatures) 

Wheel Bearings (abo. 
90 F, or where ex: j 
sive leakage occy 
with 2-108) 











2-110 Heavy-Duty Wheel 
Bearing Grease 





Two of the above specifications, namely, 2-107 and 2 


were considered satisfactory and, hence, no changes 
made. 





Extensive service tests have borne out the corteg 
ness of the decision. There was considerable doubt as y 


whether 2-106 and 2-108 contained the requirements nec n 
sary to ensure that all greases procurable under the speci e 
cations would provide adequate lubrication at the |oy de 
end of the temperature ranges for which the greases wer I a 
prescribed. As in the case of the Treasury Procureme 0 
Schedule specification for Type D upon which 2-106 w, . 
based, it was considered possible to obtain greases a 
would be so viscous at the 0-32 F range that they c 0 
not be used. Greases actually were obtained that cavitate: HR; 
in the bucket-type dispensers used by the Army or 
were so resistant to flow that the dispensers could m 


develop enough pressure to pump them. 

Although it is true that some of this difficulty 
table to the bucket-type dispenser in use, neverthele 
another factor is involved which made changes ne: 
This is the force required to move parts lubricated 
greases of poor, low-temperature characteristics, suc! 
are found in greases containing high-viscosity miner 
In many cases sufficient force or power is availab 
this is, particularly, not true for the track susper 
rollers of tracked vehicles. It has been calculated th 
the weight of the moving tracks supported by the r 
which is the only force acting on them, results in a tore 
as low as 25 ft-lb, in some instances. A number of othe 
examples could be cited to illustrate the unsuitabil 
2-106 as it existed then, but the flats worn on trac! 
pension rollers lubricated with greases which wer 
viscous served as sufficient indication that chang 
needed. 

Intensive studies were initiated in the middk 
determine the characteristics necessary to provide thé 
with a satisfactory winter chassis grease under 2-10! 
were made on a number of experimental greases to ¢st 
lish the characteristics required for satisfactory pum| 
and to determine the leakage and the break away torq 
bogie wheels lubricated with greases having the ‘ 
pumpability characteristics. Using the 25-lb b “ket 


° . ~ 1.1 TT: 
penser designated as Compressor, Grease, Portable, ! 
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1. S. Army, is engaged in the development of grease 
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if the Chief of Ordnance — Washington. Ma Fa 
graduate from Rice Institute, had been emf 
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Table 3 — Pumpability Tests at 0 F 





acteristics of Grease Pumpability 
ked Soap, Viscosity of Oil, SSU Pour, Strokes 
_— enti — per Min. 
etratio 100 F OF F 
, 8.2 228 35,000 —25 7 
8.0 312 68 , 000 —20 6 
7.6 403 90, 000 —10 4 
10.0 312 68, 000 —20 4 
5.7 312 68,000 —20 6 


emi fluid 


‘LAXIB and a bogie wheel assembly having the pre- 
scribed button head fitting and relief valve, the data shown 
il la 2 were obtained. 

These data indicate that a mineral oil viscosity of ap- 
proximately 300 sec at 100 F, Saybolt Universal, and a 
No. o consistency provides satisfactory pumpability, which 
was considered to be a minimum of 5 strokes per min 
equivalent to a delivery of o.1 Ib of grease. When the 
mineral oil viscosity is increased to 403 sec, or when the 
consistency is increased to 345 penetration, the pumpability 
drops off. There appears to be a slight gain in pumpability 
when the 228 viscosity oil is used, but this slight increase 
does not seem justified by the possible decrease in value 
as a chassis lubricant, particularly at the upper end of the 
0 to 32 F range for which this grade is prescribed. Based 
on these data, which are a small part of the complete data 
obtained, U. S. Army Specification No. 2-106 was amended 
on November 30, 1942 (Amendment No. 1) to cover a 
calcium or aluminum soap grease of No. o consistency 
(355-385 worked penetration) made from a mineral oil 
- 


100 F, not over 75,000 sec at o F, and a pour point of 
—15 F. Previously, the specification permitted sodium 
soap in addition to the calcium and aluminum and con- 
tained a minimum value of 280 sec for the mineral oil 
viscosity, but no upper limit. 

In connection with this amendment made to the specifi- 
cation, it may be well to point out that the use of sodium 
soap was eliminated because of the possible effect of water. 
In the case of such greases as 2-107 and 2-108 the viscous 
mineral oil prescribed in the specification “armorplates” 
the soap particles to such an extent that no serious dif- 
hculty with emulsification is encountered in ordinary ser- 
vice. One possible exception to this general statement will 
be referred to later. The new requirements for 2-106, 
however, specifically eliminate heavy oils and, hence, it was 
considered necessary to permit the use only of water-in- 
soluble soaps. 


As mentioned previously the breakaway torque and leak- 
age trom bogie wheels were investigated before the specifi- 
cation was changed. It was found that bogie wheels lubri- 
cated with grease meeting the new limits required a torque 
well below the 25 ft-lb considered the permissible limit. 
As a matter of fact, the results demonstrated that any 
grease which could be dispensed in the equipment used 


‘or lubrication of bogie wheels would be satisfactory from 


the standpoint of torque. In other words the characteristics 
of the grease dispenser appeared to be the critical factor. 
Simila leakage tests demonstrated that no difficulty 
shou ‘ experienced with the new grease. Some leakage 
in the order of 23% in an equivalent operation of 250 
Yong ; experienced, but it cannot®be emphasized too 
strong'y that some leakage is desirable in order to keep 
the well lubricated and free of dirt particles which 
other would cause rapid wear. 

B leaving the subject of U. S. Army Specification 
May, 1945 


2-106, it should be pointed out that the investigations car 
ried out not only furnished the data necessary to provide 
the Army with a satisfactory winter chassis grease, but 
also focused attention on the problem of grease dispensing 
equipment and lubrication fittings. As a result of this 
impetus, the Army now has better fittings and better dis- 
pensers than those available when work was first started 
to establish the limits for a suitable chassis grease. 

Immediately after U. S. Army Specification 2-108 was 
adopted consideration was given to possible changes that 
would ensure its suitability as a wheel bearing grease for 
all temperatures. It was felt that the specification would 
serve this purpose if some upper limit was placed on the 
mineral oil viscosity. A survey of industry indicated that 
this upper limit should be roo sec at 210 F Saybolt Uni 
versal and, consequently, the specification was amended on 
November 30, 1942, in order to incorporate this change. 
This same survey indicated that the maximum pour point 
of 5 F was unnecessarily low, since excellent results had 
been obtained from higher pour-point oils in commercial 
service. This limit was raised, therefore, to 25 F in order 
to make the specification as unrestrictive from the stand- 
point of industry as was consistent with adequate perform 
ance. Similarly, it was reasoned that the 5 F maximum 
pour point prescribed for the mineral oil in 2-110 was 
restrictive and, since the grease was intended for use only 
at high atmospheric temperatures, all reference to pour 
point was deleted. One additional change was made in 
both 2-108 and 2-110 in order to provide better products. 
This was the increase in free alkali content from 0.2 to 
0.5%. Ordinarily, excess free alkali is taken as an indica 
tion of poor manufacture, but a number of companies in 
corporate a slight excess of free alkali in their wheel bear- 
ing greases in order to reduce the tendency of the grease 
to soften excessively during use. 

It may be of interest to discuss the performance the 
Army has been obtaining from these greases in service. 
Perhaps the most striking results were those obtained by 
the Ordnance Proving Center Winter Detachment at Camp 
Shilo, Canada, during the winter of 1942-1943 and by the 
Ordnance Winter Test Command on the Alcan Highway 
the next year. The results indicated that U. S. Army 
Specification 2-108 provides a grease which could be used 
for wheel bearings at the lowest temperatures encountered 
and that U. S. Army Specification 2-106 provides a satis 
factory winter chassis grease. Similarly, U. S. Army Speci- 
fication 2-109 was found to provide a satisfactory water 
pump grease. Service tests on various lubricants were 
conducted also at the Ordnance Desert Proving Ground, 
Camp Seeley, Calif., in order to determine whether the 
specifications would provide greases suitable for the ex 
tremely high temperature conditions encountered in the 
desert. The results indicated that the wheel bearing grease 
provided by 2-108 was satisfactory at these extreme tem 
peratures and likewise 2-109 provided a water pump grease 
that was equally satisfactory. In other words the arctic 
tests and the desert tests proved seasonal grades of wheel 
bearing grease and water pump grease were unnecessary. 
Hence, 2-108 is prescribed for lubrication of wheel bear 
ings under all conditions and 2-109 is prescribed for the 
grease type of water pumps under all conditions. 

The discussion thus far has summarized the develop 
ment of the specifications for greases required for military 
vehicles as of the middle of 1944. Several recent develop 
ments, however, may be of more immediate interest, since 
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many engineers undoubtedly are already familiar with the 
past work done by the Ordnance Department. Perhaps 
the most interesting is the present status of U. S. Army 
Specification 2-108 covering General Purpose Grease No. 2 
which, as has been pointed out previously, covers the 
grease used tor wheel bearings. 
is being written a new specification to be designated as 
U.S. Army Specification 2-108A, General Purpose Grease 
No. 2, is in the final process of being issued. There are a 
great many changes in this specification, some of which 
undoubtedly are minor in nature, but which nevertheless 
should be mentioned at this time. In addition the reasons 
tor the changes should be discussed in order to acquaint 
you with them and thus through better understanding 
of the specification secure better wheel bearing greases. 


At the time this paper 


It will be noted that 2-108A requires the use of well- 
refined oil because the occasional use of black oils in this 
grease has had psychological repercussions. It is realized 
that the greasemaker considers color no criterion of per- 
formance, but on the other hand the greasemaker realizes 
equally as well that whenever difficulty is experienced the 
first factor blamed is the lubricant. It is easy to see, 
therefore, why a grease which looks different, feels differ- 
ent, or even smells different is blamed for difficulties that 


may be purely mechanical. Admittedly the term “well 


refined” is not well defined, but it is used in order to 
eliminate the use of black oils or those which may be so 
poorly refined as to be unsuitable for wheel bearing greases. 
Much the same thought is reflected in the statement added 
to the new specification that the workmanship shall be in 
accordance with the best commercial practice covering this 
type of material. It is hoped that this latter statement will 
rule out those greases which differ appreciably from the 
standard high-quality product which the industry supplies 
to the trade under its trade mark. The use of fatty oils 
has been eliminated in the new specification because such 
oils are not used in wheel bearing greases of the best 
quality. 

It will be recalled that the present specification for Gen- 
eral Purpose Grease No. 2 permitted the use of calcium 
as well as sodium soap or mixtures thereot. 
changed to limit the soap to sodium with 


a 2‘ 


This has been 
a maximum of 
o total calcium or aluminum soap permitted. The 
purpose of the small amount of calcium or aluminum soap 
is to smooth out the texture of straight sodium soap 
greases, which is common practice. The melting point 
has been raised from 250 to 300 F, but this should not be 
taken as an indication that the melting point is considered 
a significant test with respect to predicting the performance 
of a wheel bearing grease. This change has been made, 
however, because practically all wheel bearing greases sup 
plied to. the Army in the past have met this requirement, 
and furthermore, there is no reason why a well-made grease 
meeting the other requirements of the specification should 
be below 300 F in melting point. Finally, the method of 
analysis has been changed in that the use of carbon di 
sulfide has been eliminated in determining the amount 
of insoluble matter. 


It is hoped that the new specification for General Pur- 
pose Grease No. 2 will provide the Army with better wheel 
bearing greases and thus prevent repetition of wheel bear- 
ing failures which have occurred recently, because greases 
have been supplied which, although meeting the specifica- 
tion, are not representative of good commercial practice 
The Ordnance Department is not resting on this hope, 
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field. 


The foregoing discussion on the developm 
for military vehicles brings the subject up to d 
discussing the work planned for the future, it 
to look at the pertinent requirements of the present , 


however, but has been and is proceeding with 
velopment of a performance test for wheel | 
which will be incorporated into the specification as rays 
as possible. The final form of this performance Mok 
not been established as yet, but preliminary 

that a performance test is being developed w] 
extremely well with the behavior of these 
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fications given in Table 4, which is a condensation 
more complete summary in Appendix III. 


Table 4- Summary of U. S. Army Specifications for Greases 


(November 1, 1944) 
Chassis 
Use Winter Summer 
U. S. Army Specification No. 2-106 2-107 
Name General General 
Purpose Purpose 
No. 0 No. 1 
NLGI Consistency 0 1 
Penetration - Worked at 77 F 355-385 310-340 
Mineral Oil Viscosity, 
SUS at 100 F 275-325 750 min. 
Mineral Oil Viscosity, 
SUS at 210 F ; 
Mineral Oil Viscosity, 
SUS at OF 75,000 max. 
Pour Point, F (max.) — 
Water Content, “7, (max. 1.5 2.0 
Soap Base Permitted Calcium Calcium 


Aluminum Aluminum 


The reasons for the various 


noted that 2-110 covering Heavy-Duty 


to cancellation ot this specification as an unnecessary gi 
It will be recalled that reference was mad 


Sodium 


Whee! 
Bearing 
2-108 
General 
Purpose 


1.5 
Sodium 
2° max 


requirements 
these specifications need no further discussion. 
Wheel 


Grease is not shown because consideration is 


eal 


Calcium or 
Aluminum 


¢ 


paper to the fact that 2-108 has been found to b 


season wheel bearing grease. 


For this reason 


instructions no longer refer to this product for 


go F. 


Future development work which undoubtedly 


terest may be summed up in three terms; 


tests, consolidation, and develop 


formance tests was not evident until recently 


ment. The ne 


pecau 


high quality of the products supplied under Army s 
cations made requirements other than those contained 1 


the specifications unnecessary. 


striction in supply of quality ingredients for g 
an expansion of manufacturers into phases of grease ma! 
facture for which they were not well equipped from | 


standpoint of past experience. 


summarize future work, has been accomplished t 


Greater 


and greater 
mands on industry, however, have resulted both in 


reases al 


It can be promised, 1 
ever, that performance tests will be based on servic 
and will require the minimum of special equip! 
other words, there is no intention of prescribing 
limits which have no foundation in service. 
Consolidation, the second of the three tern 


degree. This paper has endeavored to demonstrate ‘4 
fact by pointing owt how the nine greases under th 
sury Procurement Schedule listing hundreds of p: 
brands was reduced to five and finally to four speci 


tions. It may be possible to reduce this number 
ther by using General Purpose Grease No. 2 ! 
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cation. This is a possibility which is being 
carefully, however, through extensive service 


rests, because difficulties may be encountered which would 
destr y advantage to be gained by consolidation. 

Th 1] phase of future work concerns the development 
of a cl bearing grease for amphibian equipment. As 
oat yusly, General Purpose Grease No. 2 causes 


diffcuity with emulsification of water under 

jitions encountered in service. As a matter of 

ise can be and is being used in amphibian 

with no difficulty, provided proper maintenance 

|. In many instances, however, particularly 

B whe landings are made, no time is available for 


; Type A Type B Type C 

= Mineral Oi) Constituent 

oa Viscosity, SU at 100 F, sec (min. 100 100 280 

me = Flash Point, F (min 315 315 350 
Fire Point, F (min 350 350 400 

“Work Consistency, Grade No. (NLGI) 1 1 
Penetration, Worked (min 265 310 310 
Penetration, Worked (max. 295 340 340 
Soap . . 
Minera! Oi! Content, © (min. 80 85 80 
Water Content, ~ 2.0 2.0 2.0 
Ash as sulfates 6.0 5.0 3.5 
Free Alkalinity calculated as NaOH), % (max. 0.2 0.2 0.2 
Insoluble Matter, max. 0.10 0.10 0.10 
Dropping Point, F (min 
Corrosion Negligible Negligible Negligible 
* Soda, lime, or aluminum, or mixture of same. 


** Lime, aluminum, zinc, or lead, or mixture of same. 
<< 


repacking wheel bearings. As a result the grease thins out 
excessively and is lost, which prematurely causes bearing 
failures. It is significant, however, that no rusting occurs. 
What can be done to extend the life of wheel bearing 
grease in amphibian equipment is a matter that is receiving 
careful consideration. It is possible that an improvement 
in 2-108 may provide the answer or it may be necessary 
to develop an altogether different product. 

In closing, special mention should be made of the aid 
that industry as represented by the Grease Advisory Group 
of the Coordinating Research Council has so generously 
given the Ordnance Department in its development work 
on greases. 


3 Appendix | 
' Treasury Department Specifications for Greases — Specifications for Items 
14-G-1075 to 14-G-1425-400 Inclusive 


Table A — Technical Requirements 


Type of Grease - Technical Test Limits 


Type D Type E Type F Type G Type H Type | 
280 280 280 280 100 280 
350 350 350 350 315 350 
400 400 400 400 350 400 

0 1 0 2 4 3 

355 310 355 265 175 220 
385 340 385 295 205 250 
90 85 90 75 65 70 

1.5 2.0 1.5 Trace 2.5 Trace 
3.5 3.5 3.5 5.0 8.0 7.5 
0.2 0.2 0.2 0.2 0.2 0.2 

0.10 0.10 0.10 0.10 0.10 0.10 
250 250 300 

Negligible Negligible Negligible Negligible egligible Negligible 


ical Requirements - The technical requirements for lubricating greases shall be as shown in Table A. 


2. General Requirements - Each type of grease shall be a smooth, homogeneous mixture of refined mineral oil and pure soap of the kind specified, completely saponified; shall 


stringy,” and “tacky” 


Appendix Il 


Condensed Summary of Army 
Specifications for Greases (May 1, 1942) 


Name 


fillers, such as resin, resin oils, talc, wax, powdered mica, sulfur, clay asbestos, rubber, or other undesirable or deleterious impurities; and shall have no objectionable odor. 


| Requirements — Greases, Types C, D, E, F, G, H, and ! shall be water-repellent in service; Types C and D shall be suitable for use in pressure guns; Types E and F 
me shall,be “adhesive,” “ " and * ** in character, and shall be suitable for lubrication of the tractor rollers on continuous-track-type tractors. 


Appendix Ill 


Condensed Summary of Army Specifica- 
tions for Greases (November 1, 1944) 


General General General Water Heavy- 
Purpose Purpose Purpose Pump Duty Name Genera General General Water 
Grease Grease Grease Grease Wheel Purpose Purpose Purpose — 
No. 0 No. 1 No. 2 2-109 Bearing Grease Grease Grease srease 
Grease No. 0 No. 1 No. 2 
Army Specification No. 2-106 2-107 2-108 2-109 2-110 Specification No. 2-106 2-107 2-108A 2-109 
Worked Penetration ay (Amend- Amend- 
at 77 F 355 to 385 4310 to 340 265to 295 175 to 205 220 to 250 ment 2) ment 2 
Dil Content, 7% (onin 90.0 85.0 82.0 65.0 70.0 Date May 28, 1943 May 28, 1943 ? May 28, 1943 
ater Content max. 1.5 2.0 1.5 2.5 Trace 
Ash as Sulphates, %, (max.) 3.5 3.5 6.0 8.0 7.5 Worked Penetration at 77 F 355-385 310-340 269-295 175-205 
m Free Alkali (as NaOH), a2 8.2 8.2 os as Oil Content, % (min.) 90 85 82 65 
‘ max . ° \ ° ° Y 1 2.5 
: Insoluble Matter, max.) 0.10 0.10 0.10 0.10 0.10 Water Content, % (max.) 1.5 2.0 5 
Free Fatty Acids? (as Oleic Ash Content as Sulfates, 
Je (max 0.302 0.30¢ 0.30 ; 0.3 % (max. 3.5 3.5 6.0 8.0 
Yropping Point, F (min : 250 210 300 Free Alkali (as NaOH), 
Meet ace ” Nil Nil Nil Nil Nil % (max.) 0.2 0.2 0.5 0.2 
imeaue, Insoluble Matter, % (max. 0.1 0.1 0.1 0.1 
00 F (min 280 750 : 100 Free Fatty Acid, % (max. 0.3 0.3 0.3 
“iscosity, SUS at Dropping Point, F (min.) ne cae 300 210 
210 F (mir 
Pour Point, F (max Be Me Corrosion Nil Nil Nil Nil 
. Flash Point, F (min 350 350 350 315 350 Mineral Oi! Characteristics 
Fillers ‘ 5 . Viscosity, SUS at 100 F 275-325 750 max. . 100 min 
Viscosity, SUS at 210 F oe , 75-100 
mit determinatton if aluminum soap is present. Viscosity, SUS at 0 F (max.) 75,000 ; 
ee ete shall be a sodium and/or calcium and/or aluminum soap of one or more of Pour Point, F (max. —15 25 
e fatty acids. Flash Point, F (min. 350 350 350 315 
i e shall be a sodium and/or calcium and/or barium soap of one or more of the Soap Calcium Calcium Sodium Calcium 
= ds. Aluminum Aluminum (2°, Calcium 
é shall be a caleium soap of one or more of the higher fatty acids. Sodium or Aluminum 
May, 1945 29) 
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A WIDE variety of tests in the laboratory, in 
the cold room, and in the field have led the 
authors to the following conclusions: 


1. The 35-cetane-number fuel may be used 
satisfactorily under normal temperature and alti- 
tude conditions. 


2. Existing automotive diesel engines can be 
operated at subzero temperatures on this fuel, 
but certain precautions, discussed by the authors, 
must be taken to avoid possible trouble. 


3. Deposition obtained from misfiring during 
operation at subzero temperatures will be re- 
duced by the use of higher-cetane-number fuel, 
but will not be completely eliminated under 
severe conditions. 


4. Operational difficulties may be expected 
at high altitudes on the 35-cetane-number fuel. 








HE increased wartime demands for diesel fuel, coupled 

with the shortage of transportation facilities, have made 
it highly desirable to use locally available products when- 
ever possible. Thus, it was practically necessary that West 
Coast diesel fuel be used in Alaska and North Western 
Canada. Experience along the Alcan highway and at the 
Winter Proving Grounds at Camp Shilo has shown that 
for satisfactory operation under Arctic conditions it is 
necessary to use a fuel having low pour points (—4o F or 
lower). 

About the only fuel on the West Coast having such a 
low pour point which was available in sufficient quantities 
was one having a cetane number of 35. Fuels with an 
ignition quality in this range did not meet existing mili- 
tary fuel specification (2-102B, grade X) and were not con- 
sidered generally desirable by most manufacturers of auto- 
motive-type diesel engines. Although this fuel had been 
used commercially to a limited extent, insufficient service 
information was available to ensure satisfactory operation 
in diesel engines which were in use by the armed services. 

A testing program organized by the War Advisory Com- 
mittee of the Coordinating Research Council was outlined 
and set in motion in order to ascertain as soon as possible 
the usefulness of this fuel for subzero operations. Engines 
manufactured by five different companies, representing a 
good cross-section of the diesel engines in use in the areas 
involved, were tested. These engines were manufactured 
by the following companies: 

1. International Harvester Co. 

2. Hercules Motor Corp. 

3. Cummins Engine Co. 


4. General Motors Corp. (Detroit Diesel Engine Di- 
vision ) 


5. Caterpillar Tractor Co. 


The program, as outlined, embodied three distinct 
phases: 


1. Laboratory tests. 


[This paper was presented at the SAE National Diesel— Fuels & 
Lubricants Meeting, Chicago, May 18, 1944.] 








Engine Performan 


2. Field tests at Camp Seeley. 
3. Cold-room tests. 


® Laboratory Tests 


It was decided that the first stage of the program sho! 
consist of the determination of the effects of low-cety 
fuels on the performance of the engines. It was rea! 
that this was only a minor part of the whole investigatio, 
because the determination would be run under mild labo: 
tory conditions, and it would not be possible to obser 
the effects of long hours of operation or of low temper 
tures which would be encountered in the service for whic 
the low-cetane fuels were being considered. 

Three laboratories, at the request of the Steering Cor 
mittee on Emergency Diesel Fuels, ran tests on their « 
gines using fuels listed in Appendix I, in addition to the: 
plant fuels, which varied in cetane number from 47-52 
general these fuels met the specifications (2-102B, grade X 


requirement. 


Results of Tests —-In general, the use of the lower ce 
fuels resulted in little, if any, power loss. The s 
consumption was practically the same for all fuels, alt! 
there were some instances where the lower-cetane-nu! 
fuels resulted in lower consumption. Engine rough 
combustion knock, and peak pressures were observed | 
increase to some extent, as the cetane number decrease 
The exhaust smoke and temperatures were nearly iden! 
for all fuels, except that in some instances slightly | 
exhaust temperatures were recorded when the lower-et 
fuels were tested. 

As a result of these tests it was concluded that t 
of lower-cetane-number fuels did not result in any chang 
in engine performance which was particularly damaging 


m= Camp Seeley Tests 


Field tests were run at the Desert Proving Grounds 
the following equipment: 

(a) One 1o0-ton Diamond T, 6 x 4 truck and tank « 
covery unit powered with a Hercules diesel engin 

(b) One M-r tractor, Model TDo, powered with an! 
ternational Harvester diesel engine. 

(c) One medium tank, M4A2, powered with a G 
twin 6-71 diesel-engine unit. 

(d) One 10-ton White Cargo, 6 x 4 truck, powered ' 
a Cummins diesel engine. 

(e) Four D-4, tractors powered with Caterpillar 
engines. 

These tests can best be summarized by quoting a portie 
of the report requested by the Coordinating Resea 
Council for submission to the SAE War Enginect 
Board. 

“The object of the Camp Seeley tests was to «ctermi 
the effect produced on the operation and maintenanct ° 
diesel engines in the U. S. Army vehicles using a fue © 
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by L. W. GRIFFITH 
Shell Oil Co., Inc. 
and 


R. C. WILLIAMS 


Caterpillar Tractor Co. 


2s cetane number having properties similar to those listed 
in Appendix II, and one of 48.5 cetane number with 
similar distillation and viscosity characteristics for compari- 
son. 

“It was decided to make a run of approximately 240 hr 
on each vehicle at rated load on each fuel and to observe 
the condition of the reciprocating and fuel system parts at 
the completion of each fuel run. All of the lubricating 

il used in this test came from the same batch. 

‘These runs were conducted at altitudes varying from 
sea level to 10,000 ft, with ambient air temperatures rang 
ing trom 30 to 124 F. 

“To determine power losses due to the fuel, acceleration 
tests were run on the trucks and a tank, and drawbar pull 
determinations were made on tractors using these two fuels 
and a commercial fuel meeting engine manufacturers’ 


specincations. 

“All vehicles were new when received and were given a 
run-in as recommended by the manufacturer. At the com- 
pletion of the run-in each engine was taken apart, in 
spected, measured, photographed, and reassembled. 

“Atter making a run on the 35-cetane fuel each engine 
was again taken apart and given the same inspection, 
measuring, and photographic treatment. 

‘The engines were then rebuilt with new parts when 
necessary and a similar run on the 48.5 cetane was made. 
\iter this run the engine was inspected, measured, and 
phot graphed as before. 

“The conditions of the reciprocating parts and fuel sys- 
tems of the various engines at the completion of the 35- 
tane fuel test did not present any evidence that would 
indicate that trouble should be expected because of this 
‘uel under the conditions of this test. All liners, rings, and 
bearings were in a satisfactory condition. 

“Acceleration and power tests revealed two of the en- 
gines to be sensitive to cetane number and the other three 
wel sitive to heating value only. 

check the results obtained on the cetane-sensitive 
ngine, a power check was made with a mixture of the 
35- and 48.5-cetane fuel to give a resulting cetane value 
of approximately 40. The results obtained gave values 
between those of the two original fuels. 


ce 


is concluded, from the desert tests, that no serious 
itt es would be encountered if the Army should ac- 
cep 35-cetane West Coast fuel for use in Army vehi- 
ided operation was limited to normal tempera 

Me: 194k 
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tures, except a slight loss in power and an increase in 
engine roughness and exhaust smoke.” 


= Cold-Room Tests 


It was realized, however, that the relatively high ambient 
temperatures existing during the Camp Seeley tests would 
not provide a complete picture of the performance of the 
35-cetane fuel for subzero operations. There was a feeling 
that the use of this fuel might result in troubles due to 
gum formation on pistons, liners, valve stems, and the like, 
when operating under cold-weather conditions, especially 
at high altitudes. A cold-room test which was to simulate 
engine warm-up from a cold start under any reasonable 
condition which might produce unsatisfactory running 
was, therefore, conducted on this fuel in the following 
engines: 

1. General Motors 4-71 engine 
. Caterpillar D-4400, 4-cyl, 44% bore engine 

3. International UD-14, 4% x 642, 4-cyl engine 

4. Cummins 4-cyl, 473 x 6 engine 

5. Hercules 4-cyl, Model DOOD engine. 

Warm-Up Tests —- Each engine tested was either new or 
in a newly rebuilt condition and was run in before install 
ing in the cold room. A soaking period of at least 18 hr 
at —10 F was allowed before starting the warm-up test. 
The crankcase oil was SAE 10, 2-104B undiluted except 
for one engine which used 10% dilution. Each engine 
was electrically started using ethyl ether as a starting aid 
where necessary and the tests were run according to the 
following sequence: 


i) 


1. The engine was started using 60-cetane fuel and ac 
celerated to fast idle, then, as quickly as possible, the trans 
fer was made to the 35-cetane fuel. 

2. If missing conditions prevailed the engine was oper 
ated under these conditions for 15 min before shutting 
down for dismantling. 

3. If no missing occurred at normal fast idle, the mani 
fold pressure was reduced to simulate 6000-ft altitude. If 
missing occurred, a 15-min warm-up under missing condi 
tions was run before shutting down for dismantling. 

4. If neither of the above conditions produced missing, 
steps 2 and 3 were repeated for slow-speed idle. 

In any event each engine was run for 15 min under 
missing conditions — some engines requiring altitude, some 
requiring slow-speed idle, to produce the required missing 
conditions. 

Only one of the five engines tested, after starting on a 
60-cetane fuel would run on 35-cetane fuel without a 
marked increase in combustion noise and misfiring. One 
engine ran for several minutes pouring raw fuel out of 
the exhaust while another dripped raw fuel even though 
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a Fig. | —Deposits on valve stems after 4 hr of idle operation on 
35-cetane fuel 


missing had practically disappeared. All of the engines 
would miss almost indefinitely at a simulated altitude of 
6000 ft. Two engines missed for the entire test period at 
normal manifold pressures. 








a Fig. 2-—Deposits on piston heads resulting from 4 hr of idle operation on 


35-cetane fuel 








The engines were dismantled for inspect 
the tests. In four of the five engines, cylinde; 


and scratching of the piston skirts and rings wa 
All of the liners showed evidence of lacquer deposits ; 


ing within the ring travel - some more than < 
every engine but one, there was a gummy 
exhaust valve stems, which in one case pr 
valves. Two out of the five engines had a 
of gum in the exhaust manifold and ports 
It might be significant to state that the 
which had heavy deposits in the exhaust 
ports apparently burned the fuel better tha: 


ui 


é) 


three since less missing was noticed. It seemed ; 
these deposits did not form as long as combustior 


but formed rapidly as soon as combustion wa 
yet still incomplete. 

Idling Tests — To avoid frequent starting 
and unpleasant conditions, engines used at 


al SUDZEer 


tr 


Ss or 


W 


eT 


is 


peratures are frequently idled for long periods, even up: 


8 hr, rather than stopped and allowed to coo] 


ofr 


practice would lead to trouble with this low-cetan 


fuel. 


Because of availability of repair parts one 


engine was chosen for these longer tests. The similarit 
of results on the previous tests indicated that this engine 


would give reasonably representative results. 


- 
At Wa 
therefore, decided to run some idling tests of several hou; 
duration under slightly more severe conditions than y 


Dart 


The test procedure used in these tests was ident 


i} 


that previously described except th 


cial kerosene of similar physical 
(See Appendix II.) 


Severe missing occurred on th 


raw fuel and quantity of smoke 
haust. At the beginning of th 
on the 60-cetane-number fuel, 
operation was fairly smooth and 


was obtained. However, as_ the 


tinued, the missing became mor 
the operation erratic. 


test on the 25-cetane fuel, it was 
the exhaust valve stems were 


same type of deposit, which was 
on the top land of the piston, 
liner above the ring travel. 


a Fig. 3-Deposits on piston heads resulting from 4 hr of idle operation on lacquer. 


60-cetane fuel 





The same type of material was 


Upon inspection of the engin 


4 


a heavy gummy lacquer well uj 


combustion chamber was coated 


guides. This can be seen in Fig 


ambient temperature was used and 1 


‘ 


} 


Fig. 2 shows the type of deposit vi 
found. To a lesser extent this mat 
found in the ring belt area. One 
found to be stuck and several other 
tight. The piston skirt and the swept 
of the liner were coated with thir 


ation continued under the missing cot 
(slow-speed idle) for 4 hr. This | 
was run on the 35-cetane-number | 
ously tested and on a 60-cetane-nu 


incomplete combustion was ¢€ vide nt if 
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number fuel for the entire test perio 
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| Conclusions 


uring the run on the 60-cetane-number fuel: 
amount obtained was considerably reduced. 
ol deposit obtained trom the 60-cetane- 


shown in Fig. 3. No ring sticking was 
re was incipient sticking on several rings. 
lent that the higher-cetane-number fuel had 
reduced the deposition problem under low- 


+ mp \ling conditions, but had not eliminated it. 
Sine ngine as set up in the cold room could not be 
ston was removed from this engine after the 
25-cetane-number fuel and installed in a single- 

. gine of the same make. Eight hours operation 
5 and normal operating temperatures completely 


removed all deposits from the high-temperature areas of 
the ring belt area and above. The piston-skirt 
re not completely removed. It is apparent that 
ubsequent full-load operation will remove most of the 
B niston deposits of this type; it is doubtful, however, if the 
B valve-stem deposit would be removed. 
sults obtained in the cold-room work described 
wove nted out very definitely the conditions under 
vhich trouble would be encountered with 35-cetane-num- 
ie]. It is true that there were indications that similar 
ubles might be encountered with high-cetane-number 
degree of trouble would be less. 


\arizing the results of the laboratory, field, and 


i l-room tests, it may be concluded that: 


35-cetane-number fuel may be used satisfactorily 
mal temperature and altitude conditions. 
Existing automotive diesel engines can be operated 
ro temperatures on this fuel, but certain precau- 
nust be taken to avoid possible trouble: (a) Long 
periods should be avoided, especially just before 
g the engine; and (b) To avoid severe missing and 
leposition during warm-up, whenever possible, 
gines should be kept warm when not in operation. 
3. Deposition obtained from misfiring during operation 
ibzero temperatures will be reduced by the use of 
gher-cetane-number fuel but will not be completely elimi 
| under severe conditions. 
Operational difficulties may be expected at high alti 
the 35-cetane-number fuel. 


Appendix | 

Specifications of Diesel Fuels Used in 
Laboratory Tests 

Class X. Class X, 


45 Cetane 40 Cetane 


Class X, 
35 Cetane 


3 Ne S.V. No. 597368 No. 31694-R No. 31045 R 
wravity, deg API = 35.4 37.8 37.4 
Aut Viscosity 2.82 1.806 1.735 
Sul 0.25 0.20 0.20 
F Oo 40 55 
Carbon on 
ottoms, % — 0.01 0.02 
A int, F — 135 125 
Le 45-4 40.0 35.9 
) n. F 
' 378 340 338 
436 384 268 
508 444 25 
a 601 418 500 
EP 691 555 554 
May, 1945 


Appendix II 
Analysis of Fuels Tested in Cold Room 


35-Cetane Special 
Fuel Kerosene 
Cetane No. 26 6 
Diesel Index No. 49-7 ) 


Aniline Cloud Point 132 ahs) 
Viscosity at 100 F, SSU 21.5 21.5 
Distillation, F 
IBP 339 330 
10% 368 412 
50% 418 435 
90% 518 166 
EP 565 S11 
Gravity, deg API 37.4 47 
Pour Point, F “0 Below 60 
Carbon Residue (10° Bottoms), Se Trace Trace 
Ash, % Trace Trace 
Total Sulfur 0.16 0.10 
Iron. parts per million ) ) 


Discussion 


Low Pour Point Called Chief Need 
Of “Low Temperature” Diesel Fuel 


-R. WAYNE GOODALE 


California Research Corp. 


URING the past two winters, 1 had the opportunit ending 
several weeks each year in the North country to study tuel and 
ubricant requirement ind conduct tests from Dawson ek, Can 
la, to Nome, Alaska. In 1943 a large portion of di tuel in the 
North had a pour point of o F and a cetane number of approxi 
mately 15 This fue wa the cause oft the num j t £ that 
ave been reported of fuel system plugging, ne ¢ 
ent all night, building of fires under engines to warm them up, 
and other unorthodox practice Early in the winte “ wa 
the most severe in 3 ear ye of the operators obta tove 
1 of low pour and a 35-38 cetane number fron i¢ 
ind operated engu vithout difficulty. Th j 
known and by th nd of t season, stove oil was beu ’ 
large quantities at Anchorage, Whitehorse, and | 
engines in which tl fu was used w t 
ferred to in the paper just presented 
During the winter of 1944, barreled supplie 
40 pour, diesel fuel wit th 45 and 40 cetan imb 
in the North Also, lars ul s of 35-38 cetar t ‘ ver 
purchased ilk from local supplier During this wint visit 
it was learned that thers w no noticeable differe: it : 
tion of the three fu The experienc f the ratil ine 
howed that they were entir itisfactor ] 1 
that this season was milder than last, but 
<6 F were stil! experien ed 
Based on the Alaska experience it appears that t 
ised during the work summarized in the paper tend to exaggerate 
lifferences in performance compared to what is experienced 1n s¢ 
vice. During the warm-up test it is related that itching of the 
ylinders, pistons, and rings was observed. This may have been th 
result of the slow-speed idling required to induce misfiring. Under 
these conditions insufficient oil may have beer lated t vid 
adequate upper cylinder lubrication and it may not have been relat 
to the cetane number of the fuel. It is significant that in norther: 
service, engines are usually idled at a relatively high speed to prevent 
misfiring. Several engines that were inspected in Alaska after a 
full season, in which the usual idling and heavy-load ndit 


were experienced, showed no evidence of scratching 


The laboratory idling test showed that excessive 
were formed on valves and pistons with prolonged slow-speed idling 
but that subsequent heavy loads removed the deposit 


piston and ring belt areas. This mav be the 
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are not noticed in service in the North. On the other hand, a 
recent experience with heavy deposits in a marine installation in 
the San Francisco area verified the laboratory findings that idling 
can cause trouble. While traveling in foggy weather, only one of 
the engines was required for power but it was necessary to idle 
the others in case emergency power was required. Heavy exhaust- 
valve deposits were experienced in a relatively short period of 
time even though a 50-cetane-number fuel was used. It was rec- 
ommended that the engines be idled at higher speeds and that 
power be taken alternately from one engine and another so as to 
load each engine at frequent periods. Following this change of 
procedure, no further complaints were received. 

Although the laboratory tests showed that misfiring resulting 
from fuels having inadequate ignition quality can cause engine 
difficulties, our experience agrees with the conclusions of the tests 
made at Camp Seeley, in that no serious difficulties will result in 
service from the use of fuels as low as 35 cetane number. The 
most important characteristic of diesel fuels for use in the North, 


therefore, is low pour point, and cetane number is only of minor 
importance, 


Additional Idling Tests 
With Diesel Fuel Reported 


-HARRY F. BRYAN 


International Harvester Co. 


Hk intormation given in this paper is of considerable impor- 

tance to automotive diesel-engine manufacturers who are mar- 
keting their engines on the Pacific Coast. Fuels of this type with 
only slightly higher cetane number are now being sold regularly 
to farm tractor and other users in that area. 


When compared with our regular 45-cetane laboratory test fuel 


under normal temperature and barometer conditions, the difference in 
horsepower, fuel consumption, roughness, and smoke is hardly 
noticeable. Also at starting temperatures above 38 to 40 F and at 
this altitude the engine will warm up and operate for long periods 
without excessive sméke or misfiring. But when the starting tem- 
perature is decreased below this point the smoke becomes excessive, 


and at the lower temperatures misfiring will occur. 


m Idle Operation 


The writers cited a group of idling tests which are of interest. 
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a Fig. B—Starting period water temperature — direct starting 
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= Fig. A-—Starting period water temperature —|.H.C. starting system 


g 


cetane fuel at 
interest. 

In the first test the I.H.C. gasoline starting system was u 
The engine was allowed to operate on gasoline 
until the water thermostat started to open (160 F). The engine wa 
then turned 


starting the engine. 


history of this run. 


to 


In these tests the engine would run without misfiring for son 
then slowly cool down until misfiring occurred continuou 
similar tests were run in our laboratory to determine the equilib 
water temperature with the engine operating at no load on t 
—1o F ambient temperature. 


and the manifold pressure was 
simulate an altitude where misfiring occurred. Fig. 

Five minutes after turning to diesel t! 
temperature started to drop and finally leveled off at 139 I 


In the second test the engine was started on eth 
ran 5 min on this fuel, then continued on the 


Fig. B gives the history of this run. 
again leveled off at 139 F. 
was not sufficient to stop the engine misfiring. Liquid fu 
noticeable in the exhaust at the conclusion of both tests 
When operating on our regular 45-cetane, laboratory dit 


4 


Here the water 


In either test this water ter 


under the same temperature and barometer conditio! 
temperature increased quite rapidly up to the point « 


opening and remained at that temperature throughout the t 


The results show that when the 35-cetane fuel is 


and subzero temperatures the combustion is not sufficient! 


plete to maintain operating temperatures in the engin 


= Gum Formation 


The gummy 


temperature 


lacquer deposits observed on_ th 
chamber walls, pistons, and valves apparently form a ve! 
| different 


were tested and it was found that at certain compr 


the piston rings could be stuck in 
cold start at 


5-min idle running 
temperature. 


below this showed only slight gum formation and wit 
higher than this critical compression ratio the gumm 
not form under firing or misfiring conditions. 

We concur in the writers’ conclusions but would 


that if this type of fuel is to become a regular com 
for diesel use, the manufacturers of diesel engines s 
ample warning so that the necessary modifications can 
the engine to obtain satisfactory performance with it 


Ak 


In our case there is a relatively large number ot 


using our equipment who do not purchase fuel in suff 
quantities to demand special diesel fuels. It is thereto 
that we make our equipment to handle the minin 
number fuel sold by the large producers in that area 


concluded on page 304 
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HE first part of this paper is given over to 
T -, Bachman's reply, as a truckmaker, to the 
paper by Mr. Laurie, which gave the operators’ 
requirements for post-war trucks. 


After discussing the operators’ requirements 
for cooling systems, electrical equipment, unit 
replacement, and cabs, Mr. Bachman indulges 
in some crystal gazing. In general, it may be 
said that Mr. Bachman does not anticipate any 
sudden changes in trucks, regardless of how 
passenger-car development proceeds. 
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HI chosen for this paper is an indication of the 
certainty with which the author is faced. The invita- 
tion to write this paper was not too definite in the first 
olace, but seemed to embrace two major requirements: 
Grst, a reply to the paper entitled, “What Do Fleet Oper- 
ators Want in Post-War Trucks?” by G. W. Laurie,? from 
the truckmaker’s point of view; second, the desire was 
expressed that a forecast be given as to the developments 
which the manufacturers were contemplating. 

Covering an assignment of this sort is not the easiest 
task that one could be given. The reasons for this diff- 
culty reside largely in the fact that developments have 
been hampered by the many urgent problems presented by 
var production. This does not mean that no work has 
«en done or that no thinking has been done. It does 
mean that the thinking has not been crystallized into 
accepted policy and there is much work to be done before 


] 


ublic announcements can be made. 
Mr. Laurie canvassed a large number of operators to 
btain their ideas and requirements and thus, in his paper, 
presented a synopsis of the views of many individuals 
rather than his personal views. 


In a similar manner, the present author has taken occa- 
sion to discuss this paper with a number of men connected 
different manufacturers, and is indebted to their 
etters and suggestions for many of the subjects on which 
liscussion will be attempted. However, it should be made 
ear that no attempt is being made to present the views or 
any other individual or organization. To the 
extent that the opinions of others are concurred with, their 
niuence will be recognized by those who made them 
ble. Where such ideas did not meet with the author’s 
il, no use has been made of them for the obvious 
reason that, as they were made anonymously, it would be 
advance them in a negative manner when it 
' be impossible or embarrassing for the originator to 
detend himself, 


wit 


nteresting to consider the reasons which make 


spec n regarding post-war conditions and things at- 
rac the first place, it may be assumed that we all 
‘cognize that a desirable goal can be attained with greater 
certainty if we have a goal instead of a vague “somewhere 
e a ° »?? es . . 
inbow” conception. Second, things and places 
are be lestroyed and consumed in a way which creates 
( nity for making them different without some of 
D om 3 Transactions, Vol. 52, April, 1944, pp. 142-150: ‘What 
ras, derators Want in Post-War Trucks?” by G. W. Laurie. 
i _ was presented at the SAE National Transportation & 
‘ Meeting, Philadelphia, June 28, 1944.] 
May 945 
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the restrictions which have presented obstacles to such 
change in the past. Furthermore, many of us have been 
under so much pressure to get immediately urgent things 
done that it is a relief to think about new things that have 
no immediate possibility of having to be done. Somewhere 
in this mixture of practical necessity and daydreaming 
there lies the impulse which creates the demand for specu 
lating on the kind of things we will have to live in and 
work and play with after the duration, which now seems 
to give promise of lasting at least as long as the war. 

Many things which are predicted will probably be wide 
of the mark, and on the other hand, many things which 
have never been heard of will suddenly come into evidence. 
Furthermore, it is quite probable that many of us who by 
training and experience have acquired some degree of 
familiarity with a subject, will be found really only to have 
taken on a lot of barnacles that we will have to get rid of 
before we can make any headway. 


m Design Considerations 


However, it might be worth while to give some con 
sideration to the fact that as engineers we have some 
responsibilities and conflicting limitations which operate to 
keep our speculations within a boundary that has definite 
dimensions. 

One of my correspondents has suggested the following: 

1. Legal limitations, including safety factors. 

2. Sales appeal, including such items as appearance, pub 
licity, first cost, and competitive advertising. 

3. Operators’ demands and needs, including cost of ser 
vicing and maintenance. 

4. Driver acceptance, including such items as comfort, 
visibility, and easy access. 

The evaluation of the relative importance of these factors 
will vary with the viewpoint of the one who is making the 
appraisal. There is, therefore, little point in making an 
effort to do this here, but it may be helpful to consider 
them or some of them in detail. 


Mr. Laurie in his paper confined himself very largely to 
item 3, although other phases were considered. However, 
in considering his paper from the manufacturer’s point of 
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view, the operator's requirements as listed by Mr. Laurie 
will be considered first. 


m Cooling System 


The cooling system is properly rated as being vitally 
important in providing conditions necessary for the proper 
functioning of the engine. In doing this, it must be capable 
of dissipating a quantity of heat roughly equal to the 
indicated horsepower developed by the engine. Under the 
climatic conditions encountered by most of our vehicles, 
ambient temperatures from o to 100 F present a fair aver- 
age range. A differential of 95 F between the temperature 
of the water entering the radiator and the air temperature 
will provide a reasonable capacity with sufficient reserve to 
meet extraordinary conditions. Naturally, such a set-up 
would cool the engine to an undesirably low temperature 
over a considerable part of time. 

In order to have the engine operate smoothly and be 
responsive to load and speed changes, it is essential that a 
minimum head temperature of 160 F be maintained. There 
are good arguments for ‘raising this figure, but the higher 
it is, the greater the need for effective controlling means. 

The maximum coolant temperature which can be toler- 
ated is determined for automotive engines where the lubri- 
cant is carried in the sump by the oil temperature, and 
there are reasons for stating that 220 F is a desirable 
maximum for oil temperature. 

Water cooling as generally used in truck engines, has 
been developed into a fairly reliable and adequate system. 
With pump circulation, the coolant can be directed to the 
zones of greatest heat with sufficient velocity to promote 
efficient heat transfer. The specific heat of water is good 
as compared with other liquids, the coefficient of expansion 
is favorable, and the conductivity is excellent. The jacket- 
ing of the cylinder can be incorporated in a practicable 
casting and the construction of the radiator, pump, and 
fans has been developed so that efficient and durable struc- 
tures are available. 

On the other side of the ledger, there is the need for a 
considerable amount of plumbing with a multiplicity of 
connections which, subjected to movement and strain, de- 
velop leaks. Variations in the acidity and solid content of 
the water cause corrosion, electrolysis, and deposition, 
which destroy and decrease the effectiveness of the various 
parts of the system. Furthermore, the weight which is 
represented by the radiator, fan, piping, jacketing, and 
water is a considerable and important percentage of the 
engine installation. The bearings, particularly with regard 
to lubrication of the pump and sealing the shaft, have been 
troublesome. The freezing point is within the range of 
temperature frequently encountered in normal operating 
conditions, requiring the use of antifreeze. 

Ideally, the cooling system should provide for the 
following: 

1. Permit the engine to attain a satisfactory operating 
temperature as soon as possible. 

Maintain this temperature with the least practicable 
variation for all operating conditions. 

3. The coolant should be circulated and directed to pro- 
vide maximum cooling at high heat zones. 

4. Dead pockets must be vented to prevent steam 
trapping. 

5. Adequate circulation of coolant must be provided to 
reduce temperature differentials in radiator and cylinder 


block. 





Adequate airflow must be provided to promote of 
cient radiator action. 2 = 
The system must be constructed and maintained » reat 
keep coolant loss to a minimum. 
8. The surfaces from which heat is transmitted to 
extracted from the water must be kept clean. 
g. The surfaces from which heat is extracted 
must be kept clean. 


DY the air 


No. 1 can be obtained by reducing the effectivenes. 
the radiator. 

This can be accomplished by reducing the airfloy in 
through the radiator, either by blocking the radiator , r 
changing the fan action. Blocking the radiator can \ . 
accomplished by a shutter or the makeshift methods « cre 
aptly described by Mr. Laurie. The action of the fan ¢ 
be modified by a clutch drive capable of being engaged 
disengaged by a variable-pitch fan, or by disengaging | 
fan belt. Either method can be made so as to be controlled 
either manually or automatically. 





The objections to these 


methods are, that the water is circulated through the - 
radiator and airflow cannot be completely eliminated by ‘ 
reason of car speed or leakage. Furthermore, the increased 5 


mechanism suggests more 
well as increased cost. 


troublesome maintenance. 3 7 


Another means of accomplishing this desired result 
reduce or eliminate the circulation of the water through 
the radiator. The water flow can be shut off by a contr 
valve in the engine outlet pipe which can be controlled by 
a thermostat. The preferred construction is one in which 
a bypass from the engine outlet to the pump inlet is 
vided with a valve in the engine outlet located wes al tl 
bypass and the radiator and another valve in the bypa 
pipe, both controlled by the thermostat. When the mai 
valve is closed, the bypass is fully open and, as the ma 
valve opens, the bypass valve closes. This arrangeme 
prevents the cold water which is lying in the radiator fror 
entering the engine jacket in a gulp when the valve opens 
This system seems to offer the most practical answer 1 
this problem presently available, although it does not com 
pletely meet the ideal requirements. 





Requirement No. 2 can be attained with the same means 
discussed under No. 1 

There is no need to discuss requirements Nos. 3, 4, § 
and 6 here. With the experience which has been acquire 
there is no excuse for failure to meet these requirements in 
any present-day engine or vehicle. 

Requirement No. 7 seems to be one of the points wit 
which operators have had the most difficulty, as evidenc' 
by Mr. Laurie. One major source of loss, if not the m 
important, is that which occurs through the vent. T! 
cause of this loss is due to expansion within the norm 
temperature range, turbulence in the top tank duc toagit 
tion produced by water entering from the engine anc car 
motion, and overheating which causes ejection of water 

Closing the system with a cap equipped with a blo 
valve will reduce the losses due to expansion ne eliminate 
those due to surge, and will do a fair job on passenger rs 
and may likewise prove satisfactory on light trucks. The 
most complete answer is to provide an expansion tank wit! 
provision for return to the system of water forced over an¢ 
condensate which accumulates. This expansion tank 1nco! 
porated as an integral part of the radiator seems the mos 
desirable arrangement, although it may present some pro" 
lems in providing the room necessary to house it. 
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¢ cause of loss is leaks which may develop at 
various points in the system. The most serious is, un- 
oubte at the pump shaft. The conventional method 
ing this joint has been a compression packing 
nd. This construction has left much room for 

Pumps of this type have generally been 
lain bearings which perform satisfactorily pro- 
ial loads are imposed by gear or belt drives. 

The packing being dependent on compression to’ make the 
eal naturally develops heat even when adjusted properly, 
ad when maladjusted, as is too frequently the case, devel- 
os enough heat to remove the lubricant which is carried 
‘n the packing. This leads to scoring of the shaft and 

reates a condition which can be corrected only by a com- 
siete overhaul. Furthermore, the bearing requires normal 
ybrication and under conditions just cited needs more, 
which means continuous attention to the grease cup usually 
provided, as well as seeing to it that the proper high- 
remperature grease is used. When bearings and packings 
wre Worn and the shaft scored and the operator tries to 
make grease keep things going, an excessive amount of 
grease is forced into the coolant, thus promoting deposits 
n water passages that are detrimental. 

There are now available pumps equipped with ball 
bearings and seals which are being used by several manu- 
facturers which have eliminated these difficulties. The 
bearings are sealed and in some cases no provision is made 
for lubrication, and in others lubricant in the form of a 

standard grease can be applied at relatively infrequent 


oe 
intervals. 





The cylinder-head gasket is another source of leakage 
nat can be troublesome if not properly designed or applied. 
Finally, the hose connections are responsible for con- 
lerable trouble. The flexibility, which must be provided 
accommodate the motion developed in the system by 


engine movement, and chassis distortion, makes the use 


hose connections essential. The clamps which are gen- 
rally used are not ideally suitable for the function they 
must fulfill in that they fail to provide a uniform clamping 
mn around the full circumference of the hose. This 
produces wrinkles and promotes leakage that calls for 
tightening to correct. In time, the creep and setting of 
ose reduces the clamping effect and tightening is 
necessary. Hose should not be applied to iron fittings 
without a tin or lead coating and care should be taken to 
in adequate lap of the hose over the pipe or fitting. 
Naturally, provision should be made to enable the oper- 
inspect and maintain these parts with a minimum 
fheulty. Unfortunately, recognition of this need 
t always reflected in the vehicle, but this may not mean 
natter was not considered. Frequently, other re- 
ments which seem more important conflict, and the 
ompromise may have been made unwisely. 
ind g are almost entirely in the operator's hands. 
radiators with excellent cooling characteristics 
hard to clean. Certainly the use of cores which 
restricted water passages are to be questioned 
trucks. Rust inhibitors and water conditioners 
‘ndoubtedly have not been used as frequently and effec- 
‘vely as might be desirable. 
ne engines, the use of clean-out holes are desirable 
| tandpoint of keeping the jackets clean, but intro- 
uce a serious hazard to the block. It has been found 
such openings with their covers and screw holes pro- 
ge unless the holes are tapped blind into bosses. 


have 


Items 8 


These bosses and the flanges cause uneven expansion and 
develop stresses which cause cracking in jacket walls. For 
this reason, there is much to be said for limiting the open- 
ings to the smallest number and size needed for supporting 
the cores. 

The writer believes that better and more practical results 
can be obtained by paying attention to design and con 
struction details outlined than can be obtained from level 
indicators. The provision of a petcock is not difficult and 
if it serves a practical purpose as seems probable from Mr. 
Laurie’s discussion, would be warranted. The use of a 
sight glass, as suggested, would seem to introduce a hazard 
that is not compensated for by the utility of the device. 
The use of any float-type indicator, judging by the ac 
curacy which can be obtained from fuel gages, would not 
be acceptable and probably would only introduce another 
item needing maintenance. 

Steam cooling seems to offer a number of attractive tea 
tures, and at least as many problems. The large quantities 
of heat that can be absorbed in steam and liberated 
condensing give promise of obtaining a great improvement 
in the efficiency of the system. It would also seem to be 
possible to get quicker warm-up and operation within a 
narrower temperature range. The problem seems to center 
around an effective means of permitting separation of the 
steam from the water and getting it into the condenser. 
Another problem is encountered in providing protection 
against freezing. Without going into this in detail, 
would seem that mixtures of the generally used antifreeze 
materials and water would have quite different properties 
from water alone. 


m Electrical Equipment 


‘lectrical equipment seems to draw a great deal of fire 
in Mr. Laurie’s paper, and he says it cannot be dismissed 
by simply agreeing with him. There is not such a great 
deal of mystery attached to the relatively poor quality of 
this type of apparatus. The answer is that the big mar 
ket for this equipment is in the passenger-car field, where 
the quality is adequate for the service required. As soon 
as the attempt is made to obtain something not made for 
that market, the difference in cost is out of all proportion 
to the difference in quality. This, of course, is due to the 
powerful influence of volume on costs. This presents a 
problem, the answer to which is not presently evident. 

The quick glance that discloses the tangled mass of wires 
to which reference is made as providing proof of hap 
hazard workmanship also gives rise to a nostalgia in the 
designer’s breast for the good, old days when a lot of 
things to which wires are connected were not considered 
essential. However, we are stuck with these things and 
instead of receiving any sympathy for simplification, the 
demand seems to be for more. Probably we must admit 
that there are a lot of bell wire applications to our elec 
trical systems which the operating men know about and 
object to, but on the other hand, in many cases the buyer 
gives no consideration to this or many other cost items 
when the purchase is made, but simply looks at the price. 
Naturally, these comments do not apply to everyone on 
either side of the fence, but they do pat in too large a 
number of cases. 


m Unit Replacement 


It is a little difficult to understand exactly what is meant 
by the discussion Mr. Laurie gives on unit replacement. 
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The paragraph heading might lead to the inference that 


all units are included, while the discussion is limited to 
consideration of the engine. Further, without being ex- 
plicit, the implication seems to point to an expressed desire 
for designs which have the engine mounted on a subframe 
or tray that can be pulled out. 


There are several different angles from which this prob- 
lem can be considered. One is that repairs are necessary 
and unavoidable, and that in consequence, accessibility and 
the convenience and facility with which units can be re- 
moved or repairs made are of primary importance. The 
other view is that vehicles should be made to run and not 
to be repaired as a primary consideration. To this end, 
the main effort is exerted to construct the vehicle and its 
units so as to provide a maximum interval between repair 
and overhaul operations. If this can be accomplished, 
even at the sacrifice of accessibility, then possibly the in- 
creased labor required for the whole operation will not 


be out of proportion to the increased life which has been 
procured. 


In too many cases, the provision of constructions that 
facilitate quick uncoupling and removal add complications, 
weight, wearing parts, and cost which make their useful- 
ness highly questionable. At the risk of getting his ears 
pinned back, the writer will make the statement that every 
so-called removable powerplant he has ever seen falls in 
this category. It would appear that it should be possible 
to capitalize the better knowledge and the improvement 
in materials to produce vehicles and units with longer life 


and greater simplicity and lower weight and cost than the 
reverse. 


m Cabs 


In closing this part of the discussion, recognition should 
be given to Mr. Laurie’s remarks concerning cabs. The 
writer is in general agreement that the requirements out- 
lined are desirable, particularly since sympathetic under- 
standing is given to some of the problems involved. The 
last 10 years or so before the War were a period during 
which many developments started. It was in this time 
that the C.O.E. models came into general use and also 
the time in which the matter of appearance was given more 
consideration. It can be admitted that these new styles 
were not developed as completely or satisfactorily as is 
either desirable or possible. This work has, of course, 
been interrupted and retarded by the more pressing prob- 
lems of the War. 

At this time, no definite predictions can be made as to 
what the future developments will produce, but the re- 
quirements as outlined representing the user’s needs will 
be helpful. 

Without minimizing the importance of clear vision, it 
seems that many of the opinions on this subject are not 
on a practical and realistic basis. In too many instances, 
the studies are made with the vehicle considered as a sta- 
tionary structure instead of a moving vehicle. The area 
where unobstructed vision is most important is certainly 
not close to the vehicle, but in that area which is sufh- 
ciently removed to permit maneuvering or stopping the 
vehicle to avoid a collision. No adequate studies of this 
have ever been made, or at least made public, but if they 
were, many of the criticisms which are made might be 
dismissed as relatively unimportant. It may be argued 
that there should be no interference with vision in any 





direction, but it is obvious that this cannot be attaing) , 
the rear area without extreme complication. This )j,. 
spot can contain an object, animate or otherwise, thar 4. 
driver must take into consideration. However, the speed 
of the vehicle is low when operating in reverse and ac; 
dents from this direction are not frequent. The bj, 
spots ahead of the vehicle, and particularly at the is 
are in the same category. When the driver sees that ther 
is an object ahead which will come in these zones, }, 
should reduce speed to guard against an accident, a; 
should do this even if there were no blind spot. 

This discussion is not an attempt to deprecate the jp, 
portance of vision or to defend what has been done. by; 
is merely an attempt to put the subject on a practical basi 
where it can receive intelligent consideration. 


m A Look Ahead 


The remainder of this discussion will contain an attemy 


to justify the title and do some crystal gazing. The dat 
was stated as an uncertainty for obvious reasons. Post-wa; 


is just as vague because this conflict is so gigantic and com 
plex that the post-war period for automotive produ 
may start before the war is over, or may be deferred {o; 
several years after, if you will permit an Irish bull. 

It does not seem reasonable to anticipate any sharp and 
sudden change in trucks, regardless of how the passenger 
car development takes place, and in consequence, what we 
are really considering are the changing trends which 


1 illdy 


be anticipated rather than the actual accomplishment 


mw Performance 


Several men with whom the writer has discussed this 
paper have given expression to the opinion that there was 
in evidence a trend to the use of more durable and power 
ful trucks. This trend had developed into a recognizable 
form before 1942 and was due in part to a growing under 
standing by operators that performance and durability 
paid, and in part by agitation for increased performance 
requirements in regulations. The experience of the war 
period has tended to confirm this trend, and this can 
probably be presented as one anticipated developme 
which will find early adoption into practice. 


The factor governing performance is the weight hors 
power ratio, and, as the weight is the maximum which 
the laws will permit in the heavy-duty field, we arrive a! 
horsepower as the determining factor. In trucks ha\ 
load capacities less than the legal maximum, the rat 
cited holds. 

If the horsepower is increased, then the benefits of th 
increase can be obtained in either moving a dad 
faster or a heavier load at the same speed. In discussing 
speed, the average rather than the maximum speed 1s ™ 
ferred to. 

Selection of the latter alternative, as has been 
out, is not legally permissible in the heavy-duty categon 


giv en 


pointe 


and should not be made in the lighter classes if the bet 
fits of better performance and durability are to be sec\ 
While horsepower is the determining factor, the se 
ratio between the engine and wheels must be n 
the peak horsepower engine speed and the vehicle spec? 


are properly related. For best performance, 
should be numerically low enough so that the 
speed can be attained on level roads and maintaine 
short and low-value gradients. This means that, 10 ' 
absence of an infinitely variable transmission 
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must be available in the transmission system 
- engine being kept in proper relation to speed 
requirements. 
high numerical axle is used to enable an inade- 
red or overloaded vehicle to have the tractive 
et grade requirements, there is no possibility 


ALITY 
» satisfactory performance, but with adequate 
a load to be moved, efficiency in time, fuel 
» and life are all available. 
g Engines 
Considering the engine as a unit and with the assump- 
at increased performance is a desirable characteristic, 
ere are a number of possibilities available for considera- 
As pointed out in a previous paper, * provision of power 
mt le to meet the potentials set up in the National Inter- 
onal Highway Report would require engines differing 
dically from the 6-cyl engine used almost universally at 
rest In the smaller capacity vehicles, there is still room 





the needed changes, but in the heavy 
displacement limits have been reached. 


aves available for 


vehicles, 


conside ration incre asing the 


ber of cylinders, either in a single engine or by means 


ui 


1] 


engines. It cannot be anticipated that either of 


le — will appear until after an extensive 


trial has passed. 


th 


that time arrives, if it does, we may expect the 


ment of the present type of engines to secure the 


1 benefits of increased bmep and speed. There 


siderable divergence of opinion as to the limits that 


be reached for these figures and still have a practical 


| 
rach 
ACiIt 
rained 
nicie 
Ci 


¢ 


acters 


d 
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t 


rable unit. 


to date. 


The figures for bmep which have been 
in aviation engines represents the maximum at 
Even if the fuel was available for road 
which made the attainment of these values pos 
is very doubtful whether engines with such char- 


ics would be acceptable and usable in road vehicles. 


Passenger-car engines represent the limits for the use of 


speed 


sa mat 


1 be 


rrom 


130 bmep and 


) 


increase 


produce increased power, and again it 
ter of serious question as to whether these values 
ised practically in truck service. 


1 
t 


the evidence at hand, the suggestion is made that 
3000 rpm are maximum figures for truck 


gines which lane not yet been completely demonstrated 


aS practical 


nals and design limits. 


For 


will 
: 


1e% 


lactory 


Clot 
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Mot 


May, 


ble, but not too far beyond the capacity of mate- 
The engines which will produce 


tis performance first will probably be in the smaller sizes. 
igines of 500 cu in. displacement and over, the speed 

eee ya se aad : 

¢ scaled down and it will also be found more difficult 


the pressure and still have a smooth and satis- 
)peration, 
s evidence of a growing interest in overhead valve 
‘rom several sources. In part, this is due to the 
the combustion-chamber design may be more 
nd permit accommodation of a wider range of 
lues in fuel. Other advantages lie in the pos 
better accessibility to the valve adjustments, 
this may be offset by poorer access to the spark 
Che transfer of valve seats and ports from the 
to the head seems to offer advantages in struc- 


thi 
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tural simplification of the cylinder block, although it com 
plicates the head, which may prove a detriment 
use of aluminum. 


to the 


The use of cylinder liners seems to meet with a divided 
reception. In spite of the fact that a very successful heavy 
duty engine has used this construction for some consider 
able time, several adverse views have been presented. 
ert Cass* is particularly pessimistic, and Frank Jardine, 
Aluminum Co. of America, letter that he be 
lieves dry liners will be selected because the history of wet 
sleeves, even in cast-iron cylinder blocks, has not been too 
good. 

Mr. Cass questions the practical necessity of liners be 
cause high mileage has been obtained from bores with 
relatively low hardness and points out that uniformity is 
more important than hardness. 
with this view, 


Rob 


States 1n 


No quarrel can be had 
but uniformity would seem to be more 
easily obtained in a simple sleeve of uniform section than 
as a part of a complex structure, such as a cylinder block. 
Further, accidents do happen and the renewal of a sleeve 
with standard-size pistons and rings offers attractive ad 
vantages over reboring and oversizing, particularly if not 
all bores are involved. 


m Transmissions 


As long as we continue to use the internal-combustion 
engine, and the writer sees no evidence that we will do 
otherwise at this writing, a change gear of some type will 
be needed to provide required torque over the full operat 
ing range. 

One of my correspondents has so clearly stated the 
situation that direct quotation seems the best way of con 
veying the sense to you: 

“Transmissions represent one of the biggest technical 
problems in heavy trucks. There are many people who are 
working on this problem of converting engine power into 
tractive effort and speed other than by disengaging and 
engaging different sets of gears, but no one has, to date, 
developed one which is eflicient, 
sufficient ratio range for trucks. 


simple; and having a 

“The torque converter is one attempt which has been 
very successful in city service buses 
operations. 


and in tank and tractor 
It may have limited application in off-the-road 
heavy truck operation or in local delivery service, but its 
ratio range is too limited for long-distance hauling of 
heavy gross weight trains. 

“Gas-electric drive is about the same category, but 
has the additional disadvantage of increased weight and 
cost.” 

The same fluid 
couplings or torque converters to specialized types of 
operation have been expressed by several others. Whether 
there is justification for accepting this opinion as final is 
open to question. It would seem entirely probable that 
continued experience and further development may pro 
duce a practical mechanism adapted to highway use. One 
thing seems certain, and that is that improvement in gear 
changing is essential and will be provided, but the form 
or forms which these improvements will take has not yet 
been clarified. 


general ideas as to the limitation of 


Another matter which is receiving attention is the grada 
tion between the various speeds in the gear box. This 
has always been a question that could be depended upon 


to develop sharp differences of opinion, and there is no 


ae 
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intention to attempt to solve these differences here. Rather, 
it is the purpose to call attention to the need for studying 
these ratios with regard to the performance characteristics 
which can be produced by higher horsepower engines. 
There is no doubs that many multispeed transmission in- 
stallations have had much of the potential value sacrificed 
by reason of the duplication of. ratios, and furthermore, 
there have been many such installations made where the 
use of more power would have produced better results 
than multiple gear boxes. 


mw Rear Axles 


The axle problem is intimately associated with the en- 
gine. Reference has already been made to the desirability 
of fast If these come into use, there may be a 
tendency to use single-reduction axles in larger size vehicles 
than has been the 


axle ratios. 


case in the past. If this does happen, 
and possibly in any event, the use of hypoid gears can be 
expected. This type of gear presents its greatest advantage 
in installations where gear sizes are limited, 
the case in a single-reduction 


wheel load or more. 


perience with the and manufacture of hypoids, feel 
that their relative superiority to spiral gears is proved and 
that past difficulties with 
Those whose experience 
sibly because of this, 
will be entirely 
will disappear. 
The apparent advantages that might be anticipated from 
the single-reduction axle are: 
fewer parts. 
have yet to be 


as would be 
18,000-lb 
had the most ex- 


axle suitable for 
Those who have 
use 


lubrication have been overcome. 
has not been so extensive, pos- 
not so sure that the spiral gear 


displaced or that the double-reduction axle 


are 


lower cost, 
The latter is self-evident, but the other two 

demonstrated. This may seem to be a 
strange statement, but it is quite possible that a study 
made on comparable units will show little, if any, differ- 
ence in weight, and if so, there will be little difference in 
cost. The principal disadvantage will be caused by having 
the pinion mounted on or below the center of the axle 
shaft. 

Worm and double-reduction axles with top mounting 
offered a definite advantage in drive line geometry. Un- 
fortunately, the bowl housing open on top has always 
presented a difficult problem in obtaining a stiff housing 
and in keeping the carrier properly attached to the hous- 
ing. In consequence, there has been a growing tendency 
toward front mounting, a construction generally used on 
single-reduction axles. While this lowered the pinion shaft, 
it was possible with the double-reduction axle to locate the 
pinion shaft some distance above center and still retain 
some of the benefits of the top mounting. The hypoid 
pinion cannot be mounted on center, but must be offset. 
Where the offset can be made above center, this will be 
favorable, but if necessity requires the offset to be below 
center, care in locating the power line will have to be ex- 
ercised in order to obtain satisfactory universal joint angles, 
particularly on short wheelbase trucks. 


w Brakes 


From many aspects, brakes are among the most impor- 
tant units on a truck. From the standpoint of safety to 
the public, operating personnel, and cargo, it ranks with 
steering. Unfortunately, in too many quarters it is not 
recognized that there is a definite relation between braking 


4See SAE Transactions, Vol. 
“The 


less weight, and 


$2, 


: November, 1944, pp. 519-52 
Shape of Trucks to Come,” by 
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and steering. The application of unlimited brake ah, 
to a vehicle can result only in rendering the yehj,), 
capable of steering some or all of the time 


being used. 


thy 


> ADility 


There may be some justification for the oj . 
theoretical limit is pretty far removed from present equip 
ment, but this should not prevent those who knoy a 
these hazards from keeping their importance 
who may have to do with the problem. 

There are several designs which are ready for the mx 
ket that contain features which should new more oi 
form and consistent results. It is believed that the ys p 
power application will come into more bidice: use, whic 
should remove the necessity for high coefficient lininy 
and designs with extreme self-energization and servo {, bus 
tures. This would tend to eliminate the extreme variation, nea 
in performance encountered under varying temperatures 
and humidity conditions. 

M. C. Horine* has made some interesting observation 
as to the possibility of removing the brakes from ¢ 
wheels. The reasons given for such a move lie in th 
flict between the tire and the brake. It would seem; 
unfortunate if such a development did occur. The revers 
loading of the drive line parts alone, without giving 
sideration to the greater magnitude of the loading, \ 
seem to be a sufficient reason against such an arrangement F 

There might be a development whereby a power 
sorbing unit, such as a pump or electrical device, ; 
limited in the rate at which it could be cut in and th 
maximum effort that it could produce, could be us 
brake for controlling speed down grade but not as a s 
ping brake. 


nion t 
lon 


before 





Such a device in series with a wheel 
which would come in after a preliminary move! 
the control could conceivably eliminate some of ihe us 
perature rise in wheels and tires without subjecting 
driving elements to loads which uncontrolled use of brake 
mounted in the drive line would involve. 
There is a great need for basic data, which 
are not generally available, to permit determination 0! 
what constitutes safe braking capacity. The report of t 
SAE Brake Committee has set this figure at 14.4 fp 
which corresponds to a stop of 30 ft from 20 mph, neg 
ing lag and assuming that the brake is developing thi 
force uniformly through the braking period. Neither 
these assumptions is permissible and, ——- , the 
stopping distance measured from the point where ¢ brake 
pedal starts to operate and the point at which the veh 
comes to rest will exceed the calculated distance by so 
amount dependent upon the variables noted. While thee 7 
is reasonably sound theory to support the figures siven 
it has never been completely proved by test. A project Nas 
now been started under the authority of the Motor Trucs 
Committee of the AMA to develop this information, 21° 
there is good reason to expect that this activity will be suc 
cessful in establishing data which will promote the gener 
level of brake equipment. 


at present 








m Suspension 


This term will be used in its generally accepted sens 
while recognizing the validity of the criticism made ™ 
Mr. Horine’*. 

One definite problem which we have with us 
truck field, and particularly applicable to shorter w! 
models, is the unsuitable characteristics of leaf springs 
generally used. 


SAE Journal (Transactions), Vol. 53, No. 5 











wn 


the front varies, between empty and full 

ery moderate amount, but on the rear from 

, and possibly more in extreme cases. The 
veen deflection and load is a straight line, and 
in be modified by shackle position, this is not 
e where large load variations are encountered. 


B \< a result, springs adequate to carry the full load have 


very little deflection at light load, and in consequence have 
ency rate. This is just completely backward 
is probably needed to get the best results. What 


- answer will be is not clear at this time, but the problem 
wilt stedly be attacked from several angles. Some 
tk has been done with a torsion bar and favorable re- 
sults on buses reported. The range of load variation on a 
bus would be greater than for a passenger car, but not 
arly so great as with a truck or tractor, and these results 
can, therefore, not be taken too literally as a forecast of 
hat might be expected. 


suspension of wheels instead of through 
another scheme which requires consideration if 


for no other reason than the fact that it has been shown 
to produce desirable characteristics on lighter vehicles. 
However, it must again be pointed out that the problem 
f compensation for a large variation in load is a prime 
cessity for which this arrangement has no basic answer. 


lriving wheels, the problem of providing 
nts adequate to transmit the torque for large 
sents a major difficulty. 


# C.O.E. versus Conventional 


hese types, it is believed, has a definite and 
ace in the truck field. While predictions 
de that one or the other would completely 
ield, experience would seem more and more 
each has certain features which make it 
ertain conditions and less desirable for others. 


W rall length and short wheelbase for a given 

ngth body are desirable, the C.O.E. has a definite advan- 

tage. Also, it is possible to obtain desirable weight dis- 

tribution on front and rear axles with a shorter wheelbase 

ra given body length than can be obtained on a con- 

nal truck 

rall length assumes considerable importance in 

as impose severe limitations on this dimension. 

Short wheelbase dimensions are desirable where ability to 
he 


nder congested conditions is essential. 

{he principal objections raised to the C.O.E. trucks have 

k of accessibility and riding characteristics. These 
have had a varying degree of application to 
vehicles, but it can be expected that developments 


vill reduce them to a considerable degree. However, for 
ig distance, intercity operation, the conventional truck, 
and ticularly the tractor, have characteristics that are 
har beat and, where regulations permit, these advan 
aves 


ges will keep this type in use. 
® Special Types 


large percentage of trucks can be adapted to the 
juirements by selection of a suitable body, and 
maller sizes there is considerable opportunity for 
using a standard body for a wide variety of uses. In the 
t ivery field for milk, bread, department stores, 
n, there has been considerable growth in the use 
al type of vehicle which enables the operator to 
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do his work more easily and effectively. While work on 
this type of vehicle has been carried on for a number of 
years, active development on a competitive basis was con 
fined to several years before the War when several com 
panies put, vehicles on the market. This trend will un 
doubtedly continue, and it is probable that the interruption 
to production will have provided time to prove the value of 
various ideas which will afford the basis for improved 
designs. 

In the heavy-duty field, there is practically no chance for 
standard bodies. The wide variety which is required seems 
to indicate that, despite the advantages that are inherent 
in incorporating the frame into the body, a large, if not the 
larger, number of trucks must continue to be built as a 
chassis on which a body can be mounted. 

Particularly in the heavy-duty field, many users have 
special requirements which made departure from a stand 
ard vehicle desirable or absolutely essential. These special 
features vary from wheelbase lengths and equipment items 
to special powerplants, transmissions, or axles to complete 
vehicles for off-road use. In many cases, what turns out 
to be a new type of vehicle starts as a relatively minor 
departure from a production model. This probably is a 
very practical way for such developments to grow, as it 1s 
frequently the case that, if the attempt were made to de 
sign to meet the ultimate requirements, it would be found 
that the real needs had not been visualized. 

These matters are mentioned to give point to the state- 
ment that through such processes the future development 
of new types of vehicles and new uses for present vehicles 
will be carried on. 


m Legal Limitations 


Brief reference has already been made to the need which 
is imposed on the designer to keep in mind the limitations 
imposed by regulations of various kinds promulgated and 
enforced by various state and Federal agencies. Everyone 
connected in any way with the truck business has been 
conscious of the conflicting nature of many of these regu 
lations, but it took the emergency created by the War to 
make them evident to a larger number. The need for 
regulation in the public interest is recognized, but in many 
cases the regulation has been against the public interest 
even though a cursory view did not disclose this fact. 

An outstanding example of such a condition is the limits 
imposed on overall width. This matter has already been 
outlined in considerable detail in another paper.* There- 
fore, it will suffice to refer to the subject here and to sug- 
gest that all who are interested in promoting safety and 
better performance of trucks give this subject the con 
sideration and support which it deserves. 

The different bases on which the various states establish 
license fees is another of the more difficult problems with 
which the designer must struggle. If his design is based 
on conservative lines and produces a chassis which weighs 
a few pounds more than his competitors’, he will find 
that it costs $45.00 more per year to obtain a license. On 
the other hand, if it weighs a few pounds less, it will re- 
duce the gross weight limit 5000 |b. 

A vehicle which meets all the requirements of a par- 
ticular state, on crossing the border at once becomes a 
flagrant offender against one or more regulations. Just 
crossing this line in some magic manner makes it safe 


303 





mechani. fw ETN 
a 


a 





os 














to carry a greater load, or in an equally unexplainable 
way reduces its capacity. 


The response from the governors and legislatures of the 
various states to the need for removing these conflicting 
regulations to aid the war effort has been mostegratifying, 
and it is to be hoped that this will provide information 


that uniform regulations can be made which will serve all 
states satisfactorily. 


m Conclusion 


No attempt will be made in this paper to cover mate- 
rials. Many excellent papers have been presented to the 
Society which cover steels, aluminum, magnesium, plastics, 
and fuels and lubricants in much more detail than it is 
possible to do here. The authors, specialists in their fields, 
have also been able to treat their subjects with greater 
authority than the present writer could hope to do. 

This paper has been written in the effort to provide a 
rather broad expression of the manufacturer’s recognition 
of the needs of the user and a rough outline of some things 
which may be expected some time in the future after we 
can lay aside our immediate and imperative occupation 
with building to the full extent of our ability and capacity 
for the use of our armed forces in beating down the attack 
which has been leveled against our Country and our Allies. 





Engine Performance 


continued from page 296 


Diesel Fuel Characteristics Stated 
As Requiring Further Evaluation 


-C. €. MOORE 


Union Oil Co. of Calif. 


UT on the West Coast we have Aeard a good deal regarding per- 

formance with low-cetane-number fuels, but it has been very 
dificult to separate the physical from the psychological. I am quite 
certain that some of the difficulties ascribed to the use of the enforced 
low-cetane-number diesel fuel could not possibly have had any con- 
nection with the fuel, whereas some of the complaints were undoubt- 
edly based on fact. 


The paper by L. W. Griffith and R. C. Williams gives some very 
interesting information regarding the difficulties encountered under 
low-temperature operation. Starting seems to be the basic trouble, 
since the common practice, under subzero conditions, seems to be to 
idle the engine continuously between required work periods. Accord- 
ing to some recent reports, this idling period may run from 8 to 16 
hr per day, thus greatly accentuating the lacquering difficulties de- 
scribed in the paper. 

From some recent work that we have been doing, I am rather 
surprised that any diesel-engine runs, much less that difficulties are 
experienced, at low atmospheric temperatures. If we assume a I5 
to I compression ratio and also that m equals 1.3, we find that any 
given change in atmospheric temperature results in approximately 
twice the change in final compression temperature. In other words, 
a change in atmospheric temperature of from 80 F to freezing tem- 
perature results in about a 100 F lowering of final compression tem- 
perature. This, of course, is the reason for the rather severe starting 
temperature-cetane number requirement relationship. 


This relationship is different with different engines, but a fairly 
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typical value is 1 cetane number per F. 


Thus, us 


: a Ger to ob 
the same ease of starting at freezing temperature at 80 F . 
increase of 50 cetane number is indicated. The extension «i: 


cetane-number requirement to the really cold temper 


a : atures of has 
to —80 F makes some of the difficulties mentioned by these ont . 
more readily understood. For example, using the previously .. 


tioned temperature of 80 F as a standard of comparison. , 
skinner in Fairbanks, Alaska, should have a diese! fuel of 
180 cetane number in order to obtain good starting 

is obvious why the operator, when he finally doe 
started, prefers to idle it indefinitely rather than allow 


From this 
ver hb; 
Bt 4415 Chow 





It to cool of 

It would have been of interest if these authors had given the + 

take air, and possibly compression, temperatures that are obtyinn 
under idling operation at —25 F ambient air temperature 


judged from the lacquer deposits shown by them, it is ey 
the final compression temperature is just about equal to the 
promoting half-hearted combustion, with all the attend 
such a condition. This would seem to indicate that engine d 
should possibly give more thought to increasing or impro 
heat transfer to the intake air under idle operation. This | 
gestion is, of course, a normal example of the method of 
the male deer from one industry to another. 











atter 


If we leave our Cat skinner in Fairbanks with hi 8 
temperature and also provide him, for humanity’s sake, 
cetane-number fuel, we still have quite a problem with the question 
of starting and operation at the relatively hothouse temperature 
from zero to 30 or 40 F. It still requires a high-cetane-nun 
Or does it? At the present time, we are engaged in some : 
on the relationship of cetane-number requirement to air tem 
for starting, and we are finding some very contradictor 
example, I previously stated that the cetane number-cor 
starting requirement was about 1 cetane number increase | 
of air temperature lowering. And yet, I have data sh 
starting characteristics for groups of fuels that are 2 








25 cetane numbers 


apart! Our present conclusion is that cetane number, as now 

fined, is quite likely to give the wrong answer to man ese 
fuel problems. For want of a better term, I refer to the desired 
evaluation as the “X number” and, unfortunately, it is still unknow: 








to us. We hope, however, in the near future to resolve the e 
and find out what really makes a diesel fuel do wl 
designers want it to do 

Authors’ Closure 

To Discussion 

‘N regard to the comments made by Mr. Goodale, we can certa 


agree that the pour point is the most important characterist 
diesel fuel to be used in low-temperature regions. Al 
tests, if they are to indicate probable field expe rience if 
length of time, almost invariably tend to exaggerate the 
under examination. 


Thus, the lacquer deposits encountered in these laboratory t 
as well as in the experience of Mr. Goodale and Mr. Bryan, 
likely to give trouble with any great frequency, but it seems 
while to avoid the condition under which they may form 

We think it is quite likely that the scuffing found in the lat 
tests is obtained quite frequently in service when “forced” start 
made under severe conditions. However, it will not be 
the engine is opened up immediately, since continued runnil 
the scuffing conditions are removed, will undoubtedly sh out 
marks. Scuffing of this type will probably not cause any immeciat 
trouble, but will show up as increased wear at the end of the over 
haul period. 





As indicated by Mr. Moore, it is unlikely that commercial |! 
will ever have a sufficiently “high cetane” number to permit 
with present engines at temperatures much below zero without som 
aid. Also, it may be concluded from both the laborat and fhe 
experience that, with some precautions, fuels with I 
as low as 35 can be used even under low-temperat 
without trouble. Under the conditions which may 
from gumming with the 35-cetane-number fuel, a 
cetane-number fuel will reduce, but not eliminate, the t ¢ 


The problem resolves itself to this: Provide the engine 
quate starting aids, preferably heat of some type, to cope W 
temperature conditions under which it is to be operated; supp 
with pour points below the expected temperature, using ' 
number fuel if necessary. If idling periods are necessary 2nG gU 
ming of valves and piston rings causes trouble, provide some m¢ 
of heating the intake air during idling periods from the heat 4¥4 
able in the exhaust. 
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Bhilitary Aircraft GREASE LUBRICATION 





EVIEW of military aeronautical grease re- 
R quirements is brought up to date and 
methods of application of greases in service and 
specification test methods are summarized. Per- 
formance of greases in various types of equip- 
ment is discussed in the light of military require- 
ments. Limitations of materials and test meth- 
ods, alike, are indicated, with probable trends 
for future work. 


lt is shown that method of application may 
influence selection of and specifications for 
greases. Performance of currently used greases 
is generally satisfactory. However, increase in 
severity of military requirements will call for im- 
proved products in many cases. Increased em- 
phasis on performance tests in specification 
writing is noted, and writing of specifications to 
satisfy a set of performance requirements rather 
than to duplicate a known satisfactory material 
is reported. 





[ ower of a nation to wage modern warfare is 
ndent in great measure upon the state of its tech- 
evelopment. Progress in military aircraft perform- 
ist be accompanied by corresponding improvements 
lubricants and lubrication. Improvement in grease lubri- 
in be attained by gaining a better understanding 
he requirements of such lubrication and by using this 
erstanding to develop test methods and new materials. 
\ discussion of the general requirements and special 
problems relating to modern military aircraft has 
en presented previously.’ Briefly, it was shown that 
‘ralt Operation presents many special problems relating 
grease lubrication. Mechanical requirements connected 
h reliability and weight of the parts lubricated raise 
ny questions peculiar to aircraft lubrication, as do the 
temperatures encountered, which vary sharply with alkti- 
t which may change when the airplane is flown 
n summer to winter ground conditions within a rela- 
y short time. Military requirements impose further 
ns regarding storage, handling, and application. 
e 1uthors will attempt to supplement and bring up to 
information given in the previous paper. In 
ilar, methods of grease application, how well require- 


; 
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l Petroleum News, Vol. 35, Section 2, Dec. 1, 1943, 
» 3998-599: “Lubricating Grease Requirements 
Aircraft,” by E. R. Irwin and S. C. Brittor 
Ss presented at the SAE National Fuels & Lubricants 


. Okla., Nov. 10, 1944.] 


This paper expresses the opinions and asser- 
tions of the authors as of this date and is not to 
be construed as an official statement of the Air 
Technical Service Command. 
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ments are being met, service problems and limitations of 
present greases, improved laboratory test methods, and the 
direction in which grease research and development 1s 
proceeding will be discussed. 


m Methods of Grease Application 


The previous paper’ reviewed the various aircratt parts 
and accessories which are grease lubricated and described 
their characteristics and service requirements as regards 
lubrication. However, methods of application are also 
important and may influence selection and specifications 
for aircraft greases to a considerable degree. 

Application of greases to aircraft equipment falls into 
two broad classifications. The first is application to parts 
rot serviced in the field, that is, where the lubricant 1s 
originally applied at the factory and further lubrication is 
not possible until the part is returned for overhaul. The 
second is application to parts serviced in the field by 
maintenance personne] assigned to the airplane. 

Under the first heading we find what is probably the 
most important application of grease to the airplane; 
namely, the lubrication of antifriction bearings in electrical 
equipment. Here are some of the most severe service 
requirements, particularly with reference to the tempera- 
ture range of operation, which may vary from —65 to 
200 F. In one piece of equipment recently tested it was 
found that the bearings may actually operate continuously 
at —30 F under some conditions and yet approach 250 F 
under other conditions. 

The shielded ball bearings generally used for such acces- 
sories are usually lubricated by the bearing manufacturer 














and installed as received by the builder of the electrical 
equipment. A similar procedure is followed at overhaul 
depots. Either new bearings as received from the manu 
facturer or reclaimed bearings which have been cleaned, 
inspected, and relubricated at a central specialized depot 
Since the grease cannot be changed in 
ot the grease may determine the life of the 
is desired that this be of the order of 500 


are installed. 
Service, the lite 


equipment. It 


hr. This requires that a very stable grease be used. In 
orde1 


to control this property, Specification AN-G-5a, 
which covers the grease applied to hot-running electrical 
equipment, requires that the grease pass a bearing-spindle 
test run for 300 hr at 300 F and 10,000 rpm. Fortunately, 
a mumber of greases are available which will pass this test 
and yet meet other stringent performance requirements ot 
the specification. Further, the grease used must possess 
adequate resistance to oxidation and physical deterioration 
under static conditions, that is, it must have adequate 
shelf life, because the time of bearing storage before assem- 
bly in the equipment and ultimate installation and use on 
the airplane is indeterminate. A minimum shelf life of 
two years is desired. To illustrate this point, an aircraft 
generator is shown in Fig. 1, showing a typical grease- 
lubricated bearing installation of the type being discussed. 
Other equipment may be even more complicated and diffi- 
cult to assemble, such as retracting motors with built-in 
clutches or brakes. The desirability of obtaining a “perma 
nent” lubricant can be further appreciated when the difh 
culties in making an installation on the airplane are 
known. Fig. 2 illustrates one example of what the crew 
chief must contend with when he installs a piece of elec- 
trical equipment. It is also evident that a change from a 
summer to a winter lubricant in such equipment is not 
practical. Thus, another stringent limitation is placed on 
the grease which may be used. 

Another example of 
bearings used 
and 


“permanent” lubrication is the 
to support aircraft controls and for pulleys 
parts of the control system. These are also 
shielded ball bearings, generally lubricated by the bearing 
manufacturer. However, the requirements are somewhat 
different than for the bearings described above, in that the 


other 


low-temperature torque of the grease is probably the most 
important s 


ngle consideration. Although the bearing tem- 


TAA 


Pe er 
Be eee 


a Fig. | — Generator, showing bearing installation 
peratures are not as high as in the case of electrical equip- 


ment, stability of the grease to chemical and physical 
change under static conditions may be critical. In this 
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a Fig. 2—Typical airplane instaliation of generators 


— , “ne 
case lubrication in the field is not practicabl 


: “see 
ment of bearings means a general overhaul of ¢ 





[To rerig the entire control system com] 
more than 1000 man-hr per airplane. 
Lubrication of starters offers still another 


this classification, although the bearing lub: 


same as for other electric equipment bearing 
sectional view of a typical aircraft starter is 
fe oo : 
Fig. 3. The gear reduction system shown must t t 


speed from 16,000 rpm to cranking speed w! 
ting up to 30 hp. The lubricant must not only | ‘ 


sears under these conditions, but must be adherent « 


Ail 


to resist the centrifugal action of the gears for 


re 


life of the starter. Since the most difficult 
encountered in cold weather, the lubricant 
reasonable low-temperature properties as well. A 


low-temperature grease, Specification AN-G-1 
tested in the field under arctic conditions and 
quite satisfactory for starter gear lubrication. H 
under warmer climatic condition 
ulty has been reported due to | 
from the g« 


g Present instruct 
fore, require the use 


starter 


ars. 
of a graphit 
probably 
some graphite will remain after 


gears, on the 


portion of the grease has been 


off. This is a typical example w! 
culty of application of the lub: 
governs its selection. 

Constant-rpm_ propeller hubs 
grease lubricated during mani 
pressure gun fittings are provid 
cation in the field. Such lubricat 
that the hub be filled with greas¢ 
amount to 2 to 5 lb. In order t 
dead weight, tests are now being 
termine the feasibility of hand-packing ™ 
gears and bearings on assembly 
minimum amount of grease required, and allowing 
further lubrication in the field. Here again, centrilug 
forces must be considered and difficulty has be 
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rrease in place. Further, low-temperature 
factor, so that final selection of the grease 
ill be a compromise between the low- 
perties and the requirement that the lubri- 
e for the overhaul life of the propeller. 
type of grease application, lubrication in 


experience, but must be adjusted to the regular preventive 
maintenance schedule. Thus, we find lubrication specified 
at daily, 25-hr, 50-hr, or 100-hr airplane inspections. Ser 
vicing of most exposed parts is accomplished at the 25-hr 
inspection, although no fixed rule can be applied to all 
airplanes under all conditions, and intrequently used com 
ponents may be lubricated only once every 500 hr. Army 
Air Forces lubrication charts recommend the proper inter 


ection of the grease used can be governed 
yy the mechanical requirements of the parts need 
less by questions of stability, shelf life, and 
lecting the lubricant to be used, the problem 


or: 


val for average operation, but this may be varied to suit 


local weather conditions and tactical requirements. 
1¢ Probably the most important link in the chain of fel 
g best method of application. lubrication is the dissemination of adequate lubrication 


ning proper lubrication interva 
publishing, and distributing adequate 
Bubr trucuions. 


instructions. Lubrication charts have always been a part 


ol airplane technical orders covering maintenance. How 


ever, these instructions were not always presented in an 


lubricants and dispensing equipment to easily followed manner, and proper lubrication was not 
Brvat 1 the field. always accomplished. Consequently, a well-planned system 
few instances, as the case of wheel bearings, of separate lubrication charts is now being put into effect. 
| | packed, practically all grease is applied in This system employs charts similar to those which are used 


* ins of standard pressure grease guns through for ground equipment, and have been worked out so that 


se 1gs.2. This method has the usual advantages no question is left in the mechanic’s mind as to what 
Sf ind ease of application and the disadvantage should be lubricated, when, and with what. The charts 
{ prevention of overlubrication. indicate clearly the position of the p 


part to be lubricated, a 


1 


rication interval is determined largely by somewhat more difficult task than for automotive equip 


etre AN.28 1 AN-287 ment. A system of color coding 


is used to identify the 
lubricant specified by the chart. This sam« 


color code 1s 














ooo 


m Fig. 3—Starter, showing bearing and gear lubrication 
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m Fig. 4—Lubrication chart (P-39) 


applied on the lubricant containers and on the grease guns 
used with the lubricant. Lubrication interval is indicated 
by a code symbol. In addition to these instructions, the 
grease gun kit issued to the mechanic* has a small card 
giving general instructions for lubrication and a general 
technical order is published describing the characteristics 
and recommended use of the lubricants available. 

To indicate the type of components lubricated and the 
lubrication instructions available, some representative charts 
are illustrated. Fig. 4 shows a lubrication chart for the 
P-39 airplane; Fig. 5, a chart for the B-25 airplane; Fig. 6, 
a chart for the B-24 airplane; and Fig. 7, a chart for the 
C-54 airplane. The lubricants given on the charts are 
normally expected to cover lubrication at ground tempera- 
tures of o F and above. Since many of the lubricants also 
operate satisfactorily at subzero temperatures at altitude, 
they can be considered all-weather lubricants. However, in 
order to assure proper lubrication at subzero ground tem- 
peratures in the arctic and subarctic, special recommenda- 
tions required on lubrication are included in general 
winterization instructions issued for each airplane. 

The supply of proper greases in the field is a “tough 
nut to crack,” since pressure is constantly being brought to 
bear by people controlling design, to recommend that 
special products be supplied as good only for their particu- 
lar component. However, it has been found that practically 
all requirements for lubrication in the field can be filled 
with four greases.1 These are reviewed below. 

(a) A low-temperature grease. This is now covered by 
Specification AN-G-3a, which is considered to have a range 
of satisfactory operation of —65 F to 175 F. 

(b) An intermediate, general-purpose grease. This is 


®U. S. Army Specification 94-40752. 


now covered by Specification 3560-E, medium grade. Whik 
this grease does not possess the desired water resistance i 
does have an indicated operating range of —30 F to 250! 
An Army-Navy specification covering a water-resistant and 
more closely controlled product is now in preparation. 

(c) A high-temperature, heavy-duty grease. This is no 
covered by Specification AN-G-5a, which has an indicat 
operating range of 0 to 300 F, 

(d) An EP grease. This is now covered by Specific 
tion AN-G-10, which is a grease similar to Specification 
AN-G-3a with the necessary EP additives. 

For lubrication in the field, the special kit mentioned 
previously® is used, which contains a supply of the abort 
greases, four grease guns, two grease fitting tools, and 
grease gun filler scoop. 


= Summary of Greases Used 


The list of greases used by the Army Air Forces 
essentially that presented in the previous paper. Ui 
Specification, AN-G-5, has been drastically revised. Av 
other, 3560-E, medium grade, is in the process of revisi0! 
and will soon be superseded by an Army-Navy aeronautit 
specification. Both revisions reflect the increasing emp™ 
sis on performance requirements for specifying aviate 
greases, which subject will be discussed in more detail late 

In Table r most of the important currently used gre 
specifications are shown, and some of the more import! 
properties and shortcomings are listed. The presentat 
in this case is somewhat unusual in that the specificatie? 
are presented functionally, as lubricants suited for cer" 
tasks rather than as different material compositions. 

The major portion of aircraft lubrication is taken cat" 
by three greases, a high-temperature, a low tempera’ 
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Table 1 - Currently Used Greases 


Limitations and 
Future Development 

Low-temperature properties and evapo- 
ration are mutually antagonistic 
properties. Low-temperature perform- 
ance should be improved, but evapo- 
ration is already borderline. 

Bleeding, storage oil separation need 
improvement. 

Not satisfactory where high speed and /or 
high temperatures are encountered. 


Specification controls formulation, not 
performance. 

Lacks water resistance. 

Not suitable for low powers at low 
temperatures or high speeds at high 
temperatures. 

Soon to be superseded by an AN per- 
formance specification. 


Poor low-temperature characteristics. 
Some refinement of specification test 
methods necessary. 


Pressure-wear index method for deter- 
mining load-carrying characteristics 
difficult to interpret. 

High-temperature and stability 
deficiencies same as AN-G-3a. 

Limited temperature range. 

Poor bleeding characteristics. 


Unsuited for use on electrical equipment. 


General disadvantages of graphited 
greases. 

Poor stability at temperatures above 
140 F, due to changes in structure of 
aluminum soap grease. 

Difficult to control in manufacture. 


m Service Performance of Present Greases 


Requirements for military aircraft greases have been 


reviewed. It is desired to indicate the periormance obtained 


























Tyce of Specification a. 
Ls ones Number General Characteristics Application in Service 
‘ sn AN-G-3a Extremely good low-temperature bear- Control surface pulley bearings and related 
Low temperé ing torque characteristics. High mechanisms, actuating mechanisms 
: ASTM melting point, but generally and guides for flags, landing gear, 
: poor, high-temperature performance bomb-bay doors, inclosed universals, 
properties due to a oil bearings in cold-runring, intermittent- 
2 used in its manufacture. Bleeding duty electrical equipment, camera 
and evaporation relatively good for drive and motor bearings, automatic 
extremely light oil used. Estimated pilot rotor bearings, flexibie drive 
Fi aeaamaaaate range —65 to shafts. 
a oalid 3560-E, Soda or mixed-base grease with 200-sec Wheel bearings, average electrical 
el aig medium oil. equipment bearings, magneto gears, 
y Moderately good |jow-temperature starter bearings. 
characteristics as long as sufficient 
a power is present for starting at low 
; temperatures 
+ Stable to working breakdown and suit- 
Ss able for use in high-speed bearings at 
— moderate temperatures or in low- 
) speed applications at high tempera- 
tures. 
63 Estimated operating temperature range 
£0 — 30 to 150 F. 
se High temperature AN-G-5a High-speed, high-temperature grease, Summer lubrication of whee! bearings 
ee tested for qualification for 300 hr at and lubrication of hot running elec- 
a. 10,000 rpm and 300 F. trical equipment where low-tempera- 
O4 Water resistant. ture torque is unimportant. 
os Generally, extremely stable. 
7 Estimated operating temperature range . 
xn 0 to 300 F. 
ae Low temperature EP AN-G-10 Physical properties similar to AN-G-3a, Gear boxes, retracting screws, worms, 
8 but with added EP agent. and chains, particularly, where low- 
= General stability, corrosion not quite as temperature torque must be con- 
a good as AN-G-3a. sidered. 
oth Graphite AN-G-6 Soft grade lime soap grease containing Starter gears and other gears and chains 
ra 200-sec oi! plus graphite specified. where very infrequent lubrication is 
™ — temperature range, —20 to possible. 
=" 5 F. 
so Aluminum soa AN-G-4 Aiuminum-base grease, specified by soap Have very limited usage on modern air- 
a content and oi! properties in two craft due to limited temperature range 
grades, AA and B. and difficulty in obtaining uniform 
. Resistant to water. product. 
=<] Good bleeding characteristics, Grade AA used for propeller hub |ubri- 
wn cation, 
ntermediate grease. This represents considerable 
Whi. progress toward the ideal of a single grease for all applica 
tions, and as far as can be seen at present 1s as near as it 1s 
a to come to that goal. 
ah 
d 
( 
oat 
m Fig. 5—Lubrication chart (B-25) 
No. 
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from products actually available and supplied to the service. 
On the average, performance must be at least passable, 
otherwise, the successtul operation ot air forces in all 
theaters would not be possible. However, it is known that 
all desired requirements are not being met in tull, and 
work is constantly carried on to improve lubricants, par 
ticularly to eliminate the limitations on present greases and 
to broaden their applicability. When tull recognition is 
given to the limitations of the products available, however, 
little difficulty is experienced with greases in service, par 
c.cularly under normal climatic conditions. Difhculties 
encountered under such conditions can frequently be attrib 
ated to one of the follow ing causes: 

(a) Misapplication. 

(b) Insufficient lubrication. 

(c) Overlubrication. 

(d) Dirt and other foreign material. 

(e) Inadequate design. 

(f) “Cockpit” and “crew chiet” trouble. 

Performance at very low temperatures does offer special 
lubrication problems, including grease problems. In this 
connection, experience has indicated that long soaking at 
low ground temperatures is a much more difficult service 
condition than low temperatures encountered at altitude. 
Service tests made last winter in the arctic indicate per 
formance of present greases is generally satisfactory. Tests 
on airplane control systems indicated that these systems, 
lubricated with AN-G-3a grease, were operative down to 

45 F, but that at least one control would be inoperative 
on some airplanes below —50 F. However, the results 
indicated that the improvement needed was in the mech 
anism itself, rather than in the grease used. Generally, a 
great amount of stiffness in mechanisms at low tempera- 
tures, usually blamed on the lubricant, can be attributed 


DOOD OOOoone 





Selec. ~~») 





to dimensional changes in the parts, treezing of moje, 
and other extraneous factors. Nevertheless, need for o. 
“Vit SUTe 


improvement in the grease is indicated and desired jp aie 
applications. For example, it has been shown that : 
camera grease must have a lower low-temperature toraue 
than the average obtained in Specification AN-G-x3, * 

A few grease difficulties at higher than nor al tempers 
ture have been reported, although usually periormang has 
been satisfactory. Under very hot-dry conditions the 
some indication that loss of low-temperature grease fro, 
bearings may be troublesome over a long period of sas 
and improvement in bleeding and evaporation character. 
tics is desirable. 


aif Crat 


Te is 


h-temperature 
performance of grease in control system bearings jg ad. 
quate. A number of airplanes which had flown 2009 w 
3000 hr in the tropics were recently examined and 4j 
bearings in the control systems were in excellent condition 

Under hot-wet conditions difficulty due to water wash, 
ing, corrosion, and fungus growth might be expected 
Navy data have indicated that a number of difficulties 


Generally, however, hig 


attributable to the presence of water may be experienced 
in the tropics in all applications, unless the grease POssesses 
a certain amount of water resistance. Thus, all AN aero. 
nautical grease specifications require a test for this property 

The Army Air Forces has received a few unconfirmed 








reports from the South Pacific area that grease in bearings 
was contributing to the fungus growth problem in certain 
equipment. Recent direct observations in the tropics by 


one of the authors indicate that fungus does not grow 


s 








preferentially on the lubricating greases used, but may be 
found on almost any part of a lubricated instrument 





m Some Service Problems 


A general summary of the performance limitations of 
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w Fig. 6— Lubrication chart (B-24) 
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m Fig. 7-Lubrication chart (C-54) 


raft greases has been presented. A tew particu- 
esome service problems will be discussed here to 
immediate improvement is required. 
portance of stability of grease structure in some 
has recently been emphasized by service difh 
magneto gear-box lubricants. A magneto with 
ibricated gear box is shown in Fig. 8. The gears 
rk the grease and beat air into it. This action, 
with engine vibration, has resulted in complete 


tion of some greases within a relatively short time. 


seals are in poor condition the liquefied grease 
into the breaker housing and will eventually 
ure of the breaker points. Laboratory and bench 
magneto have indicated a wide varfation in 


ral stability among various greases. Similar struc 


akdown of grease has been observed to a lesser 
propeller hubs. Fortunately, greases with ade 
lity in this respect are available and the problem 
solved into one of obtaining a specification test 
correlate with service. 
ficulty has been observed with chattering and 
excessive wear on heavily loaded retracting 
\n EP grease, such as described by Specification 
has answered this problem. One lot of this 
found to give inadequate lubrication of these 
, but a laboratory check of the grease showed 
1 low pressure-wear index. There is need for 
ntormation to interpret and correlate laboratory 
vith EP requirements in service, in order that 
ontrol of gear greases can be assured. 


ter gear problem has been mentioned previously. 


: desirable to have a grease with no fillers, which 
th 


he gears without being centrifuged off and yet 


performs satistactorily at low temperatures, 

A very troublesome problem is the lubrication of hot- 
running “fly power” electric motors. One of these, used in 
conjunction with a propeller governor control, is mounted 
near the engine, and it has been found necessary to grease 
lubricate the bearings in order to protect them from dam- 
age by vibration. A low-temperature grease must be used 
to meet arctic and high-altitude requirements, yet 1t must 
withstand temperatures over 200 F, It appears that a grease 
made from a special synthetic oil may be required. 


m Laboratory Test Methods 


The final assurance that a grease will perform satisfac- 
torily in service is the laboratory test methods comprising a 
specification. The specification must take into considera- 
tion all variables, including application, manufacturing 
techniques and limitations, and performance in describing 
a satisfactory procurable product. This increasing aware- 
ness of the performance expected is currently reflected in 
the writing of military aeronautical grease specifications. 

The tendency toward greater reliance on performance 
requirements in grease specifications noted previously has 
been carried further with the development of new test 
methods and improvement of some old ones. Table 2 lists 
performance tests of current military 2eronautical grease 
specifications. Test methods have been presented from the 
consumers’ point of view, indicating the specific reason for 
inclusion of each test method and probable future develop- 
ment of the method. 

The writing of grease specifications is approaching the 
goal of allowing the manufacturer complete freedom in his 
selection of materials and controlling the quality of the 
grease by three major types of tests only: 
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a Fig. 8 —- Magneto, showing gear-box lubrication problem 


(a) Performance tests, as outlined in Table 2. 

(b) Quality control or contamination tests, such as dirt 
count, moisture, odor, and separation. 

(c) Tests designed to assure constancy of product trom 
batch to batch and shipment to shipment. 

There are still three formulation specifications in use by 
the Army Air Forces, however. 3560-E, 
AN-G-4, and AN-G-6. The 3560-E will soon be completely 
superseded by an Army-Navy performance specification, 
and it is anticipated that AN-G-4 will be 
thereafter. 


They are medium, 


cancelled soon 
Steps are now also being taken to establish 
performance requirements for gra 


AN (; 6. 


The “performance 


phite grease to supersede 


services has 
changed to some extent the mode of writing specifications. 


mindedness” of the 


P reviously, specific ations were frequently written by ascer 


taining which of a group of products satisfactorily lubri 





cated a piece of equipment and establishing a serie, 
chemical and physical controls which described produc , 
as nearly as possible like the best greases tested. The te 
dency now is to determine what the limiting pe formance 
factors are of each new piece of equipment and to seg 
from existing specifications one which will satisfactorily 
perform the task required. This means that military grea 
specifications must overlap sufficiently in their performance 
ranges and types to take care of any eventuality jp ; 
designs. If there is no such specification, an existing sp 
fication may be modified or a new specification write, 
based on limiting characteristics, such as torque, shear, ap 
operating temperature of the equipment itself. The ¢ 
eralized service performance demands, and not the spec 
functioning of a particular grease in a particular piec 
equipment, determine how specifications are to be writte; 


m New Materials and Future Developments 


As the military requirements for performance of aircrs 
and equipment become more severe, the derhands on each 
aircraft component are correspondingly increased. Th 
performance of conventional greases, however, is limit 
by the inherent chemical and physical characteristics of 
petroleum oils and the refining operations which may 
performed on them. The mutually opposing relationshi; 
between evaporation and low-temperature bearing torqu 
characteristics for AN-G-3a type of greases has already beer 
mentioned. Thermal and oxidative instability, chemi 
reactivity, and other properties represent inherent limit 
tions, 


which can be modified only up to a certain py 





un Fig. 9— Low-temperature torque test apparatus 














Tests 
Low-temporature torque 





Bleeding and evaporation 
High-speed bearing life 


Water resistance 
A 


Water resistance 
AN-G-3 
AN-G-10 

Oxidation 


Pressure-wear index 


Physical stability 


Table 2- Summary of Performance Test Methods Used 


Description 


Measurement of time for one revolution of 
grease-packed bearing at —67F. See 
Figs. 9 and 10. 


Separation of grease and evaporation in wire 
mesh cone at elevated temperature. 


Performance in bearing and grease leakage 
during test at 10,000 rpm and 300 F. 
300 hr operation required. 

Determination of percentage of grease 
washed out of bearing by stream of water. 

Measurement of properties of grease after 
water has been mechanically beaten into 
sample. 

Bomb oxidation test. Pressure drop of oxygen 
in bomb measured. 

Dalayed and no-seizure points determined 
by four ball machine. See Fig. 11 


Beating or working of grease to simulate 
shearing action in service. See Fig. 12. 


Usefulness 


Evaluation of performance of special low- 
temperature greases, AN-G-3 and 
A 4 


Prediction of storage separation of oi! and 
evaporation from bearings in service. 


Determination of suitability of grease for use 
in high-speed motors, generator, etc. 


Tendency of water to wash grease out of 
bearings, causing lack of lubrication. 
Tendency of water to wash grease out of 
bearings, causing lack of lubrication. 

Shelf storage life of grease in bearings. 


Evaluation of EP lubrication properties. 


Prediction of grease deterioration in gear 
boxes, etc. 


Future Development 

Tests will be run at lower temperatures at 
standardized rate of shear. 

If viscosity and plasticity effects can be 
separated, pressure-capillary or other ty 
of viscometer may be useful instead 

Better correlation with service necessary 

Separate bleeding and evaporation tests 
should bo established. 

More precise control of test conditions 
necessary to obtain better reprodu 
ability. 

Correlation with service necessary 


Will probably be replaced by AN-G-5 te 
method when service correlation 
obtained. 

Better correlation with service desirable 


Improvement and simplification of test 
methods necessary. Better interpretat! 
of test methods and correlation of PW! 
with service necessary. 

Test not yet pron menos Will be included 
in new AN specification for intermediate 
grease. 
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m Fig. 11 —Four-ball tester 





tively more common on aircraft than elsewhere. 
test 





Future developments in methods have been indi 


= Fig. 10 — Pressure viscometer in cold bath cated in Table 2. The general trend is one of refinement 
of existing tests by taking additional variables into con 

cases the limits of petroleum oil are already being sideration and designing test apparatus more carefully. 

If low-temperature bearing torque of AN-G-3a At the same time a trend toward more precise determina 

ases must be drastically improved without sacri tion of fundamental physical-chemical properties of greases 
g evaporation characteristics, petroleum-base products should be pointed out. An example is the construction of . 

pe satisfactory. various devices to measure rheological properties of greases, 

his connection, synthetic oils and greases made from such as the pressure capillary viscometers de veloped by 

etic oils have been examined and show some prom several laboratories. The collection of more fundamental 
[t is possible that further requirements for extremely physical data is important in improving our understanding 
gh-altitude lubrication will necessitate use of grease made as to why lubricants behave as they do, and should ulti 
uch synthetic oils. In connection with this there mately result in a considerably more satisfactory group of : 
tional problems to be solved, however, and it may test methods 


ime before even service tests can be 
‘ 


synthetic greases. Use of synthetic 


raises additional questions concern 


ng test methods. In some cases tests devel 
/ ed for petroleum products must be modi 
ccasionally entirely different types 
ments must be specified. In this 


yn the performance type of tests gen 


ire satisfactory. Quality control] tests, 


changed chemical nature of the 
more frequently require recon 


new grease developments will prob 


lve about use of new and hitherto 


p bases in greases. Barium, stron- 
, t nhydrous calcium, and other metallic 


been used to some extent, and 
levelopment of these and also mixed 
greases may be expected to produce 

products. In this connection, the 
1eronautical services, pioneers in the 





q thium-base greases, may be expected i 
Ct prominent role as test groups, since a tied = 

4 ne or marginal grease uses are rela a Fig. 12 - Physical stability test apparatus 
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HE light metals have come to be used so 
widely wherever it is desirable to keep the 
weight of parts down that it seems necessary 


to review the advantages of the old standby — 
steel. 


This task is carried out here by Mr. Strothman, 
who gives several examples of parts that were 
not only stronger and more easily fabricated 


when made of steel but were actually a little 
lighter. 


It does not follow that steel should replace 
these other metals in every case. It means, 
rather, that when a part is Be designed, all 
possible materials should be considered, par- 
ticular consideration being given to the ratio of 
strength to weight and the modulus of elasticity 
of each material. 








by E. P. STROTHMAN 


A. O. Smith Corp. 


OST product thinking is conditioned by our manutfac- 

turing environments. Such conditioning affects the 
selection of materials and processes much in the same 
manner as environment influences personal habits. As 
fabricators of heavy steel, as welders, as stampers and press- 
formers, as forgers and coiners of metal, we think and 
compare product designs in such terms. You, with differ- 
ent experience and facilities, provide comparisons with 
other processes and materials. Each of us, however, has 
the same objective —to determine the most suitable con- 
struction for the product or piece. Each specialist could 
provide a different answer. 

Often the manufacturing specialist can greatly assist 
those designers who conceive designs. Too often this help- 
ful relationship may be unencouraged. The progressive 
manufacturing converter can often be more helpful in 
defining the material or process than the material manu- 
facturer. This applies with lightweight materials and 
heavier materials alike. Often the material manufacturer’s 
representative lacks familiarity with latest conversion 
processes, converting facilities, design ingenuity; or his 
partiality determines the material selection. There is a 
market where each material and process rightfully belongs, 
so more need for avoiding the pitfalls of misapplication 
that penalize development. True, material selection is not 
always simple or apparent; we all make much progress by 
trial and error, but let us all discourage digressions where 
we can recognize them. 

Believing that we may be mutually helpful in such a 
program by revealing comparative “case histories” to help 
define some “supremacy areas”! for low-alloy steel and 


steel processes developed for aircraft, we relate a few prac- 
tical experiences. 


m Case of the B-29 Bomber Nose Frame 


Recently, an unusually interesting case developed which 


[This paper was presented at the SAE War Engineering — Annual 
Meeting, Detroit, Jan. 10, 1945.] 

1See Printers’ Ink, Vol. 208, Sept. 15, 1944, pp. 17-18+-: “‘Research 
the Lodestar of Industrial Post-War Success,” by J. H. Van Devente: 
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STEEL A 


substantiated the above contentions regarding | 
of materials and processes, and where steel was u 
cessfully for the replacement of magnesium 
bomber nose frame (Fig. 1), with weight a real 
tant factor. Interesting, particularly because 
ence means debating with selection of the lightest 
rial for application in its foremost market, aviat 
because substitution involves both materials and 
Quite logically the plane designer conceived ¢! 
frame member to be constructed of the lightest 
material, magnesium, and adopted the process « 
because of the great irregularity of shape and cros 


DOSS 


Producing the frame casting by a most resourceful 
dry organization proved a major accomplishment 
reported some 3000 to 5000 |b of sand was required 
molding each casting having a finished weight of onh 
lb. The cost was further penalized by the ne 
extensive use of chills, together with large gat 
weighing many times the casting finished we 
effort to control solidification and provide a hom 
cast material. Rejections of castings after X-ray exami 
tion aroused such anxiety over delivery that the M 
Central District of the Air Technical Service Con 
began searching for some alternative solution. 

With characteristic thoroughness every conside1 
factor involved in the frame structure was ques 
the Air Technical Service Command. Why need t 
be cast, and why need the material be magnesi 
that was desired was an equally strong, lightweig 
ture? Why not use steel? Steel, such as used 
more severely stressed landing gear structures? 
Technical Service Command, together with sev: 
bers of the A. O. Smith Corp., compared ratios « 
and weight, and modulus of elasticity for steel 
nesium with such encouraging reactions that tl 


it 


for a design study was quite apparent. 


The completed study of the design confirme 
inal indications that the use of steel was, in man) 
preferable for this lightweight service, even in co: 





m Fig. | —Inside views of B-29 bomber nose frames; left: welcee 
steel frame; right: cast-magnesium frame 
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MATERIAL 


est of materials, magnesium. Weight calcu 
ed that the steel structure could be slightly 
ght than the magnesium structure and satisfy 
ional requirements (Table 1). A finished 
identical shape, though different in cross 

2), could be constructed so that the specially 
cut ellipsoidal glass and plastic transparencies 
ed, together with the same method of cover 

Weight, however, was but one of the 


tors; there was strength and stiffness still to 


tructure designed to resist the internal pres 
ssurized cabin, it was vital that the structure 

sure tight under all service conditions, such as 
ling or when pierced by enemy action, and 

in temperature and internal pressure. The 
ture of the ellipsoidal shape so complicated the 
trength and stiffness determination that simple 
nalysis was the most practical next approach. 
cture was, accordingly, divided into the 
sectional members or ribs, and each sepa- 

ired for strength and stiffness (see Fig. 3 and 
Formed-pressed shapes of a high-strength low 
1340 material with a yield strength of 135,000 

ly eight times the 17,000 psi yield strength for 
lagnesium material, was selected to compensate 
times greater unit weight of the steel material. 
selection of steel the calculated strength index 
test stressed upper struts or rib members proved 
louble that of the cast magnesium, and which 
tory or even an improvement. But the calcu 
ss ratio of these same steel ribs proved only half 


Table 1 - Weight Comparisons of Alloy Steel and 
Cast Magnesium Frames 


Descrip- Weight, 
tion Ib 


Rim 14.95 
Upper ribs 6.56 
Side ribs 4.30 
Outer ring 2.51 
63 Inner ring 1.44 
Lower ribs 4.41 
Channel 2.72 





Gusset plate 0.16 


Bracket 2.00 

Total weight 39.05 

f welded, press-formed steel frame, Ib 39.05 

veight saving fabricated steel frame, Ib 2.00 
ght steel frame less bolt saving, Ib 37.05 

t-magnesium frame, Ib 39.50 


245 
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of the cast-magnesium ribs, and so evaluation of the stifl 
ness factor became most important. 


This comparative method of separate rib analysis served 
primarily to compare weight and to indicate the possi 
bilities for an alternative construction that justified build 
ing an actual steel nose frame of the design suggested. 
This became the only suitable procedure to answer the 
indeterminate questions and evaluate the composite stifl- 
ness of the redesigned frame. So approval was obtained 
for an experimental frame construction embodying our 
specialty background experience of press-forming and then 
assembling separate pieces by welding to provide a new 
simple construction. Stamping and drawing the whole 
frame structure from a single steel sheet was not considered 
because doing so would seem no more practical to us than 
making an automobile frame by such method; nor did we 
consider forging and machining the pieces, as might have 
been first suggested by individuals with only that type of 
experience. 

Experimental testing of the steel frame, complete with 
assembled transparencies, proved most revealing. It was 
found practical to produce an actual assembled steel frame 
of comparable weight as estimated. At the specified pres 
sure no leakage occurred, and by progressive pressur¢ 
increases a greater pressure was sustainable than had been 
possible with the cast-magnesium frame. Even after leak 
age there was no sign of structural weakening, which 
further indicated that even greater safe pressures weré 
possible with but minor increases in weight to provide the 
stiffness to prevent leakage. This latter factor, together 
with the greater resistance to frame cracking or rupture 
and the fact that the structure could be readily field 
paired in an emergency were additional advantages favor 
able for steel. Production and quality control were simpli 
fied with steel construction, reclaiming of rejected frames 


Table 2 — Strength, Stiffness, and Weight Calculations - 
B-29 Steel and Magnesium Nose Frame Sections 


Cross- Moment Yield Ultimate 


Section of Section Stiffness Strength Strength Stiffness Weight 
Sec- Area, Inertia, Modulus Factor, Index, Index, Ratio, Ratio, 
I Ss El 


tione in. Je % % % 
Am 0.103 100 100 100 
A; 0.190 146 92 77 
Brn 1.660 0.584 0.390 5,440,000 100 100 100 100 
B, 0.406 0.086 0.106 2,640,000 216 136 49 102 
Cm 1.660 0.584 0.390 5,440,000 100 100 100 100 
C, 0.499 0.097 0.111 3,080,000 255 142 57 126 
D», 1.000 0.291 0.268 1,700,000 100 100 100 100 
D, 0.229 0.071 0.095 2,050,000 282 177 120 96 
Em 1.400 0.123 0.153 975,000 100 100 100 100 
E, 0,408 0.026 0.035 800,000 181 114 82 123 
Frm 1,000 1.000 1.000 6,500,000 100 100 100 100 
F, 0.299 0.125 0.250 3,600,000 197 125 56 126 


Key: A» is rib section for magnesium; A,, same for steel; etc 


Magnesium: Specification AN-QQ-M-56A; yo strength: 17,000 psi; ultimate 
000. 


strength 30,000 psi; modulus of elasticity: 6,500 
-— steel: Specification SAE 4340; yield strength: 135,000 psi; ultimate strength 
150,000 psi; modulus of elasticity: 29,000,000. 
* See Table 1 and Fig. 2 for shape and location of rib sections. 
> Per unit length. 
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ma Fig. 2-— Cross-sectional comparison of welded-steel and cast- 
magnesium B-29 bomber nose frames 


was a simple matter and so the redesign proved a most 
practical solution for an important structure. 

Cost considerations in this particular instance were not 
such important factors. But since cost so often is a major 
criterion, | believe you will be interested in some comment. 
The cost of the finished assembled nose piece in steel con 
struction is comparable to the latest reduced costs of the 
finished, assembled, cast-magnesium construction. With 
comparable conditions the steel construction should prove 
more economical, especially since the machine finishing 


m Fig. 4 — Welding 
assembly fixture for 
steel] B-29 bomber 


nose frame members 


a Fig. 3—Separate press-formed pieces for steel B-29 bomber 
















nose frame 


operations are materially reduced with accurate formin 
and assembling of the mullion ribs (Figs. 4 and 5). 

problem of glazing was likewise reduced because the ts 

parencies could be made and formed to fit the gages i 
the openings. The rough weight of the alloy-steel max 
rial was less than one-quarter of that of the roughicas 
magnesium material, largely because no casting gates a 
risers were required, and which reflected in cost saving 
and savings in critical material. Little new equipment ¥ 


required for the steel construction, since the princi 
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simple press-forming, and for 
was adequate equipment avail- 
the dies and fixtures were not 





nie Ww 

wee 1 is, capital expenditures also proved 

re -crially less for steel than for the cast- 
wh ¢ construction, and so cost factors 
- well were favorable for steel. 

| TT iarize, the findings for the B-29 
her nose frame redesign and the con- 
ins ons of welded press-formed alloy steel 


ampared with cast-magnesium construction 


Weight is equal for welded press-formed 
lloy st 

Steel construction 1s stronger. 

It is stiff enough for the functional service. 
Steel construction is less easily damaged. 

It is field repairable and shop reclaimable. 


Also, steel construction is simpler, cheaper 
ad quicker to produce. 


s Some Airplane Landing 
Gear Members 


Another group of equally interesting cases 
ire those comparing the use of different fabri- 
ng processes but with the same material, 
as welded, press-formed steel and forged, 
bolted steel constructions. These cases are 
t as spectacular or as controversial as the 
ase just reviewed, or cases between different 
materials using either the same or different 
ianufacturing processes. 

The aircraft industry has greatly stimu- 
lated. constructive redesign development by 
presenting opportunities where weight sav- 
ngs and greater strength or safety are of 
importance. A. L. Klein evaluates 
weight savings at the value of gold, or $35 
per oz; and mentions $10 per pound as cur- 
rently and commercially allowable. With the 
range of evaluation so liberal, almost any 
mount selected warrants reasonable redesign 


ITOTts 


reat 


y 
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The several selected airplane landing gear 
redesign cases proved welded, press-formed, 
alloy-steel construction offered many advan 
tages over forged and bolted alloy-steel con- 
struction. According to Jerome S. Hunsaker, 
National Advisory Committee for Aeronau 
tics, the size of planes will be strictly limited 
by the economies of larger landing fields, 
engines including propellers, and landing 


gear, and the latter is especially serious for 

land planes. Therefore, these landing gear cases may be 
nore important in revealing a design development trend 
tor S 


critically stressed members. 


® C-47 Cargo Plane Landing Gear Truss 


RB 


= s SAE Transactions, Vol. 52, December, 1944, 


1 


tals of Airplane Design,” by A. L. Klein 


June, 1945 





lesigning the truss of the C-47 landing gear of the 

















n Fig. 5— Welded-steel centor-joint construction of B-29 bomber 
nose frame, inside (upper) and outside (lower) views 


Douglas cargo plane tor welded, press-formed, alloy-steel 
considerable weight was saved and a difficult production 
problem circumvented (Fig. 6). Two large, long and thin 
alloy-steel forgings were selected initially as the most suit- 
able construction for the principal truss members (Fig. 7). 
This forged design might have proved the final one, except 
for a number of problems that arose during production. 


he em ani 














m Fig. 6— Welded, press-formed steel truss 


Large drop-hammer facilities for forging these members 
were limited. It was not practical to produce these torgings 
with less than a %-in. thick web, which required pro 
cucing the 4-1 


1. web thickness by expensive milling. 
Because ot the size and shape, forging die breakage and 
scrap developed, with the result that deliveries were un 
reliable. Large milling machine facilities for web-milling 
were also limited, which meant new equipment or tying up 
machines that could be better utilized. 

The welded design, produced by assembling simple 
press-formed steel strut members of the same alloy, over- 
came all of these difficulties. The necessity for machine 
work was reduced to a minimum by forming the pieces 
essentially to size and accurately assembling pieces by weld- 
ing in fixtures. Increases in production did not require 





a Fig. 7—Forged-steel bolted truss construction of C-47 cargo 
plane landing gear 





construction of C-47 cargo plane landing gear 








expensive new equipment, while the breakage o 





avoided by substituting press-torming for torging. A pr 





formed type of strut of similar design could ea 


VY De! 





larger and stronger without difficulties, which difficult 
with the forging process would have increased. Savings ; 
critical alloy rough material were not only important fr 
1 shortage standpoint, but from the savings possible in t 
cost of materials. Table 3 shows these rough weight 
ings amount to 106 |b per truss, or 56%; while tl 
weight savings were 20 lb, or 34%. 
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= Fig. 8 — Forged-steel and bolted steel tube main half- n 
struction of B-24 bomber landing gear 
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» Fig. 9—- Welded, press-formed steel main half-fork construction 
of B-24 landing gear 


lo summarize, this truss redesign, by changing from the 

rging bolted construction to a press-formed and welded 
ructioli, gives a number of advantages: 

iced weight with adequate strength. 

v forging and machine tool equipment unnecessary. 

Machining operations so reduced that delivery was 

controllable and reliable through avoidance of 

tions and die breakage. 

torming and welding processes more economical. 

rially less critical alloy-steel required. 


= B-24 Bomber Landing Gear Half-Fork 


olution of the B-24 bomber landing gear half-fork 

se Interesting in that several low-alloy-steel forg- 
: together with a bent alloy-steel tube combination, 
laced by two press-formed halves of the same type 
lloy-steel material, an upper sleeve, an axle, and 
ill assembled by welding to form a composite 
(see Figs. 8 and 9). Some savings in rough 
ot alloy materials resulted, together with improve- 
n strength with but slight increase in finished 
Table 3). The important factor was the elimina- 





the need for additional forging and machine equip- 


1945 


Table 3 - Weight and Strength Comparisons of Several 
Airplane Landing Gear Structures 


Original A. 0. Smith 


Description Design, ib Design, Ib Differential, % 

C-47 Landing Gear Truss (1 required) 

Rough material weights 186 80.8 —56 

Finished structure weights 60 40 —34 

Strength comparison 100% 125% 25 

Combined strength - weight efficiency 100% 189% 89 
B-24 Main Landing Gear Fork (2 required) 

Rough material weights 436 355 —118 

Finished structure weights 202 202 to 213 0to 5.4 

Strength comparison 108 , 800 128 ,000 18 

Combined strength - weight efficiency 100% 112to 118% 12 to 18 
B-29 Main Landing Gear Trunnion (2 required) 

Rough material weights 710 256 —64 

Finished structure weights 229 187 —33 


ment to effect half-fork delivery at the time required. 
Especially interesting is the assembly of the finish ma- 
chined axle with the half-fork by welding, which practice 
contributes to economy. Axles of both seamless tube and 
centrifugal castings have been used with only a slight 
advantage in weight tolerance favoring the former. By 
redesigning for the welding and press-forming processes a 
practical and economical construction is obtained, and one 
proved by evolution. 


m B-29 Main Landing Gear Trunnion 


At the time of initially designing the B-29 main landing 
gear and where members of greatest practical strength were 
desired, the designer selected a forged alloy-steel and bolted 
type of trunnion. Before this original design was adopted 
for production, the general problem was presented for 
redesign consideration, where analysis showed that a press- 
formed, low-alloy, welded-steel structure would better serve 
the purpose (Figs. 10, 11, and 12). Not only was the 
finished weight of each of two trunnions reduced 72 |b or 
33%, but the rough alloy material saving was 450 lb per 
trunnion, or 64%. 

The substitution of welding for bolting in assembly 
accounted for much of this weight reduction, because of 
greater strength and stiffness of the integrally combined, 
welded trunnion and tube members. The same construc- 
tion opportunity is not as practical with the forged trun 
nion design, although it might have been incorporated. 
This design ingenuity of combining members so that they 
function as a single unit is too often overlooked during the 
design conception. 

The trunnion story is a good one, because it illustrates 
utilizing the constructive help available. The assistance of 
the specialist manufacturer with a practical knowledge of 
designing and constructing special structures should be 
more encouraged. Too many initially designed parts lack 
design consultation that management could have easily 


proy ided. 


g Fabrication Problem 


1 


In addition to product design, all these cases involve 
problems of fabrication. How to weld the selected alloy 
steel, to heat-treat, to straighten, to finish, as well as how 
to press-form have each to be considered. Welding of these 


high-strength, low-alloy materials, although not difficult, 


requires proper welding electrode selection, combined with 
knowledge of preheating and controlled welding proce 
dures. 


[he separate pieces are more easily formed after anneal 
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m Fig. 10-Welded, press-formed steel 
trunnion construction of B-29 landing 
geor 


ng and often welded after heat 
treatment, instead of before heat- 
treatment, as might first be pro 
posed. So the determination of 
when to weld is especially impor 
tant, which factor may even affect 
the selection of material. Very often 
by welding after heat-treatment, and 
then only stress-relieving the welded 
joints at below the draw tempera 
ture for the alloy material, objec 
tionable distortion and straightening 
ray be avoided. 

So, combining such type of fab 
rication experience of knowledge 
with design conception simplifies 
fabrication. It may even provide a 
means for making some redesign 
either practical or more economical, 
or both. In the case of the C-47 
cargo plane truss each press-formed 
half, after assembling and welding 


concluded on p. 344 
a Fig. 12—-Main 


trunnion of B-29 
main landing gear 


m Fig. |!1— Position welding the press-formed members of stee 






trunnion of B-29 bomber landing gear 


ICTION PRESS-FORVED ii ELDEL iS 





Z 



































TRANVERSE SECTION AT 


INTERMEDIATE CUT OUT POINT 


320 

















/ 


, 
hh AA Mhedhecldleheclcdihdcthct 


4 


TOW) 





TRINNLON WEIGHT COM? ARISONS 


WELDED 
Rough Seteht 2564 
Rough Wt. Sevines 4544 
Finished Weight 1574 
Finished Wt. Savings 724 


Z 


Q § 
ZZ 


TRANSVERSE SECTION AT 


INTERMEDIATE CUT OUT POINT 


SAE Journal (Transactions), Vol. 53, No. 6 








“o 





by PHILIP J. COSTA 


Sperry Gyroscope Co., Inc. 








| [CORMER development work had indicated that 
| Tin flight, a substantial fuel waste can be safely 
| eliminated when M.I.T.-Sperry detonation equip- 
ment is used for limiting detonation by adjusting 
fuel mixtures. 


It is realized, however, that before this revolu- 
tionary method of mixture adjustment can be 
| advocated, it is imperative that it be determined 
| if significant structural damage will result from 
this method of operation. 


The flight tests described in this paper have 
definitely substantiated former results, and in 
addition, have indicated that light detonation, 
commonly known as “trace knock," has an in- 
significant effect on engine life. 


THE AUTHOR: P. J. COSTA is assistant product devel- 
t engineer of Sperry Gyroscope Co. He has been stead- 

1 in the electronic field since 1930, and from that 

) conducted his private research laboratory for the 

yf electronic instruments. Shortly thereafter Mr. 

ined Sperry as a test engineer, and was later made 

ject engineer in the research development of 


nh equipment. 








R' GARDLESS of the fuel or existing running conditions, 
maximum performance of a properly designed en 
nited by the effects which accompany detonation. 
detonation as a function of fuel-air ratio 
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lects of detonation on engine life have been 
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= Fig. 4 — Commu- 
tator installed 


a Fig. 5 — Detona- 
tion equipment 
panel arrangement 


= Fig. 7 — Theory of 
Sperry detonation 
amplifier with auto- 
matic gain control 








m Fig. 6—Dual M.I.T.-Sperry detonation amplifier 
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recognized as major engineering problems sin 
stages of engine development. 

Although the destructive results of detonation 
recognized, it was difficult to duplicate these 
recently as 10 years ago because of the inaccurate 
used for its detection. For this reason, very litt 
evidence was recorded in flight. 

In order, therefore, to avoid the disastrous 
heavy detonation, routine operation of aircraft en 
been prescribed at a mixture ratio richer than opti! 
performance. 

This “margin of protection” under some condit 
been demanding more than a 20% waste of fu 
other conditions, it definitely has not been sufl 
prevent destructive damage from detonation. 

In the past six years, M.I.T.-Sperry detonat 
ment has not only made possible a thorough 
detonation, its characteristics, and its accompanyins 
on aircraft-engine performance, but it has also pro 
means for evaluating engine life versus detonation | 

Test-stand operation definitely indicates that, by 
ing at light detonation, the rich “margin of prot 
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sht can be completely eliminated. However, 
revolutionary method of mixture adjustment 
cated, it is imperative that it be determined if 
tructural damage will result. 

) study this problem, the Sperry Gyroscope Co. 
use detonation equipment as a regular service 
on one of its airplanes. The investigation em- 
ollowing features: ; 
irison of fuel-flow curves obtained with the 
idge fuel analyzer method currently used by some 
h those obtained with the use of M.I.T.-Sperry 
equipment. 

vations of engine performance variations at sev- 
g brake horsepowers. 
rvation of detonation during climb conditions. 

ation of detonation intensity versus engine 


mination of possible correlation between oscillo- 
ope patterns and engine wear. 
pe of this report is confined to tests made on one 
Part I of the investigation covers approximately 
hr, during which the fuel-flow data were com- 
The test engine was then examined, photographed, 
rhauled, and put back into service. 
Part II of the investigation consisted of operating con- 
ly at light detonation during normal cruise. After 
fying hr, the test engine was removed only because it 
been in operation 710 hr since last major overhaul. 
ographs were taken and all parts inspected. 


* Equipment Used for Flight Test 


ft engine of the Sperry- Lockheed-Hudson 
NX21771 was chosen for the test engine (Fig. 1). 
Che test engine, a Wright Model GR1820-G1o2A, Serial 
Yo. 32596, had 454 hr of operation since major overhaul. 
erhaul was conducted just prior to the flight tests. 
Spark advance 15 and 20 deg BTC. 
Compression ratio 6.3 to I. 
Supercharger: single stage. 
irburetor: Holley Model 1375F, with manual mix 
ntrol. (Fuel required: g1-octane C.F.R.A.T.M.) 
eller reduction: 16 to 11. 
d cowl flaps. 
nation Equipment — The test engine was equipped 
rry detonation equipment and a torque nose (Figs. 
3). Detonation pickups were installed on the 
le boss on the rear of the cylinder. 
mutator installed. 
\strument panel arrangements for the indicators 
tor switches are shown in Fig. 5. The standard 
n amplifier is shown in Fig. 6. 
on of Detonation Equipment—The detonation 
ttached to the outside of the cylinder wall trans- 
cylinder-head vibrations into electrical impulses. 
tage induced in the pickup is amplified and im- 
icross a small neon bulb in the indicator. When 
voltage resulting from detonation exceeds a pre- 
ed output voltage, the indicator will glow with 
nation combustion. 
commutator operating at one-half engine speed 
pickup of each cylinder in firing order and con- 
pickup to the amplifier during the combustion 
letonation in any cylinder will flash the detonation 
r on the instrument panel. 


nT 
ul 


Fig. 4 shows 


mplifier used for the major portion of this test was + 
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a Fig. 8—Instrument panel arrangement 


the standard detonation amplifier with fixed-gain control 
(Fig. 6). However, the limitations of this unit have been 
recognized for some time. For this reason all of the tests 
with the fixed-gain control were conducted at one speed 
and within a small margin of cruising horsepower. This 
precludes the limitations of a fixed gain from entering into 
the test data. 

A new 28-v amplifier with automatic gain control was 
completed in time to be used in the latter part of these tests 
which included the observation of take-off and climb. 

Automatic gain control has created considerable interest 
of late, therefore, it may be well to explain its theory of 
operation. Briefly, automatic gain control, an electronic 
feature used to eliminate manual adjustments of amplifier 
gain, is based on the theory that detonation vibrations are 
a constant percentage of the normal combustion vibrations. 

Fig. 7A illustrates an oscillogram similar to the normal 
combustion vibrations during low-power, low-speed engine 
operation. A commutator has eliminated a portion of the 
complete crankshaft cycle. 

If detonation occurs, the amplitude of the vibrations may 
increase to more than two or three times, as shown in Fig. 
7B. When the ambient noise is low, a ping or knock can 
be heard at the instant “B” appears on the screen. 

At high speeds and power, the normal combustion vibra 
tions may increase to that of Fig. 7C. It can be noted 
again that audible detonation can be heard only when the 
cylinder vibrations increase more than two or three times, 
This fact has been 
substantiated further by exhaust flame analysis in the test 


in the same proportion as Fig. 7D. 


stands, along with visual inspection of engine parts. 

In adjusting a fixed-gain amplifier, amplification is ad- 
justed so that vibrations greater than normal combustion at 
maximum power will operate the indicator. 

If the engine is then operated at low speeds and powers, 
the instrument will appear to be insensitive or deaf because 
it will require a considerably heavier detonation to operate 
the indicator. 

On the other hand, if the amplifier is adjusted to low 
speed and power operation, it will be too sensitive at higher 
powers; it will give false indications and exhibit signs com 
monly known as “power effect.” 

The solution appears to be an amplifier which will dis 
criminate between detonation and normal combustion. It 
must automatically readjust its gain so as to amplify all the 


i eae 


eet ee 


ee ae 





normal combustion images to a standard height or reter- 
ence level, while detonation, producing a much larger 
signal, must be amplified with little or no effect on the 
established reference level. Detonation can then be recog- 
nized by the ratio between normal and abnormal combus- 
tion vibrations. 

The Sperry knockometer, which incorporates the auto 
matic gain control feature, along with a meter, was also 
used in certain portions of this test in order to get more 
accurate quantitative data in the region of trace knock. 

Fig. 8 shows the complete instrument panel of the 
Sperry-Lockheed. 

The Cambridge aircraft fuel analyzer No. 0-30388 was 
calibrated prior to the test by American Airlines. This 
instrument was serviced daily in accordance with American 
Airlines’ standard practice. 

Carburetor air, oil, and outside air temperatures were 
taken with standard aircraft thermocouple instruments 
calibrated before the test. 

Head temperature was indicated by a thermocouple 
under the rear plug of No. 1 cylinder. 

Rpm readings were obtained from a Kollsman electric 
tachometer recalibrated by the Pacific Airmotive Division 
of Burbank, Calif., on Nov. 22, 1943. 

Horsepower measurements were made with the standard 
torque nose. It was inspected and repaired just prior to the 
flight test. A Dura gage PSI meter model No. 1079A, 
serial No. 35255010 was used for torque nose indications. 
Brake horsepower is then calculated from the following 
equation: 


Psi X Rpm 
Bhp = Re snc ed 
810 


Basically, the rate of fuel flow was mea 
sured by timing accurately the consumption 
of a measured amount of fuel stored in the 
measuring tank containing 7.75 gal, shown in 
Figs. 9 and 10. Tanks A and B, shown in 
the photograph, were used only for storage 
of test fuel. To fill the measured tank in 
flight, test fuel was pumped from tank 4 
to C via tank B by using the wobble pump 
shown in Fig. 11. A hand stop watch was 
used to time the fuel as it passed from a 
mark on the top sight gage to a mark on 


the lower glass tube. The error in timing 

was approximately +:% sec in 11 min, or 
a 

0.1/0. 


Fuel vapor could be noted by visual ob 
servations of the fuel in the measuring tank 
via the two glass sighting gages. Its average 
temperature was approximately 75F. 

Commercial fuel was purchased at La- 
Guardia Airport. Rated at 91.4 octane by 
the vendor, CFR tests at Wright Aeronautical 
proved the fuel to be between 8g to go. 

Although the specific weight of 91.4 fuel 
is considered to be 5.96 lb per gal, in the data 


m Fig. 9- Fuel measuring tanks — view from tail 
of ship. 


the weight of fuel was calculated at an averaye specif 
weight of 6.0 lb per gal. : 

Texaco oil No. 120G, SAE 60 was used throughout the 
test. Although oil consumption could be measured only be 
the amount required to refill, the general trend of oil cop 
sumption could be observed. 


m Discussion of Results 


A complete log of each flight was tabulated. The data 
were plotted in several sections to illustrate the trend oj 
engine performance under similar flight conditions, 

During Part | of this test, such factors as valve adjus 
ments, spark-plug performance, ring condition, and oj 
consumption gradually changed. This changing engine 
condition can be observed by comparing Figs. 12, 13, 4, 
and 15, and is reflected in Fig. 16, which is,a composite of 
Figs. 12, 13, 14, and 15. 

It should be noted that the data points of each day wer 
reasonably close, evidence that the measuring equipment 
was well within the allowable tolerance for such a cur 
Therefore, the total spread of data points of Fig. 16 should 
not be considered as errors of measurement, but indicati 
of variations in engine performance. 

Further evidence that changing engine performance was 
responsible for this total spread of data can be observed not 
only by comparing the minimum of 31.5 in. of mercury, 
manifold pressure required to produce detonation at the 
beginning of the test with the minimum of 27.5 in. of 
mercury required 40 flying hr later, but also by the chang 
ing rate of oil consumption, which increased from approxi 
mately 1.3 gal per hr to approximately 2.8 gal per hr. 
(Figs. 12, 14, 17, and Table 1.) 


Yeasuring Ta 
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go. 18 illustrates what such fuel-flow data 
n terms of fuel waste. In this figure 





maximum fuel consumption obtained 
M.I.T.-Sperry detonation equipment is 
npared with the minimum fuel consump 
n of typical airline procedure. This result 
resents “margin of protection,” an abso 
fuel waste which was above’ that neces 
for the worst engine condition during 
[he minimum specific fuel consumption 
with detonation equipment was then 
pared with the maximum fuel consump 
typical airline procedure. This result 

ts the maximum fuel waste of typical 
procedures under the most favorable 

gine condition. Under these conditions the 
iste, which includes the margin of 


may be as high as 34% during 
ld be noted that the “margin of pro 
reflected in Fig. 18 applies only to 
use conditions. Later in this report it 
lemonstrated that a “margin of pro 
loes not always exist under take-off 
nb conditions, as prescribed by both 
manufacturer and the airlines. 


a Fig. || -Wobble pump 
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= Fig. 10-Fuel measuring tanks-view from 
cockpit 


Heavy detonation was actually encountered 
under these conditions. 

It must also be noted that, since the engine 
performance is constantly shifting in the area 
illustrated in the lower part of Fig. 18, the 
waste in this area can be safely eliminated 
only with reliable detonation equipment. 


= Interesting Flight Phenomena 


Heavy detonation was observed when 
climbing in full rich at 1900 rpm, 600 bhp, 
a condition considered routine and entirely 
safe by both the engine manufacturer and the 
airlines. It became heavier if mixture was 
leaned. 

This condition was reproduced several 
times and is evidence that prearranged cruis 
ing or climb conditions, even in full rich, 
may not necessarily produce safe engine 
operation. 

Detonation was also observed in full rich, 
at % of full throttle during cruise at 10,000 
ft, 560 bhp, 1850 rpm. Under this condition 
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it was noted that detonation would stop if the mixture was 
leaned. Full throttle could then be obtained and the mix- 
ture leaned considerably more before detonation would 
again occur. The cylinders which detonated in the rich 
condition were the same ones which detonated in the lean 
condition. 

If the test engine was on the inside of the turn when 
operating at light detonation, its rate of detonation in- 
creased from 5 pulses per min to 30 or 40. Conversely, 
detonation ceased when the engine was on the outside of 
the turn. 


It was observed that the air saturation of the fuel varied 


Table 1 — Oi! Consumption on Detonation Flight Tests 


Total Time 
for Flight Approximate Oil 
- - Oil Added, Operating Consumption, 
Date hr min gal Bhp gal per hr 
6-29 2 30 4.0 550-600 1.6 
6-30 4 10 4.5 515-585 1.1 
7-6 2 25 4.0 550-600 1.6 
7-7 4 25 7.5 550-580 LP 3 
7-8 5 5 9.0 539-590 1.8 
7-10 3 10 6.5 550-570 2.1 
7-11 2 15 5.75 565-600 2.5 
7-12 1 50 6.0 550-560 3.0 
7-13 1 40 6.0 485-570 3.3 
7-14 1 40 5.0 518-550 3.0 
7-15 3 40 8.5 532-580 2.3 
7-17 5 20 15.0 550-610 2.8 


The test data from which the various curves in this paper were compiled may be 


obtained upon request to the Sperry Gyroscope Co., Inc., Great Neck, Long Island, 
N. Y.. Report No. 8310-6002. 
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was repeated sever 
in succession. 

This seems to indicate that, although the air in 
be released at the higher altitudes, it may re-enter | 
almost as quickly when the plane descends. 

It was impossible to get detonation by leaning whet 
plane first descended to 10,000 ft from 12,600 ft w 
vapor was released. However, after cruising at 
for 10 min, detonation would start and get progr 
heavier for approximately 45 min, although no fu 
was visible during that time. In order to limit deto 
it was necessary to enrich the mixture after each data p 
In one instance, its effect on specific fuel consumputol 
as follows: 

Min at 10,000 Ft 


after Descent from 12,600 at Which Detonation O 


10 (No detonation 
22 0.415 
37 0.423 
52 0.432 


If the mixture was leaned immediately after the « 
4000 ft from take-off, the engine would detonate for s 
minutes when the Cambridge analyzer was stabil 
0.072. 

It was observed further that the effect of altitud 
fuel may cause unpredictable variations in engi! 
formance. 

Rough engine operation as caused by detonatio: 
be observed only when the intensity and frequency was 
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230 detonations per min. 
n specific fuel consumption of 0.002 reduced 
om 45 detonations per min to 5 detonations 
s agrees with test-stand operation and reflects 
the accuracy of the measurements. 
pient detonation definitely could not be de- 
idications of the No. 1 cylinder-head temper- 
the Cambridge fuel analyzer, the roughness of 
r any combination of the thfee. 
ation limit during level cruise was unpredict- 
1s constantly varying with changing engine, 
,ospheric conditions encountered in flight. 
el cruise at 525 bhp, detonation would often 
etely when the plane entered a cool moist cloud 
In some cases, it was then possible to “lean out” 
stability without detecting detonation. 
moist days, with “carb air” in its normal “full 
n, no detonation was detected in cruise, even 
was raised to 700 bhp. During these times, 
\ir temperature was increased in order to get 
ation at 525 bhp. 
traight and level cruise when atmospheric con- 
| not appear to change, the Sperry knockometer 


in flight to measure variations in detonation with 


‘ture and engine settings. During a period of 

one hour, the knockometer readings varied 

100 or off-scale. This corresponds with from 
letonating combustions per min. 


The head temperature gage on these engines could not 
be used to indicate a detonating condition. In fact, under 
some conditions, the test engine running at light detona- 
tion had a cooler head temperature than the other engine 
which was operating at a richer fuel-air mixture ratio and 
not detonating at all. 

When leaning both engines during cruise the right en 
gine would detonate more readily. This condition is not 
caused by the cabin heaters as both engines have an intensi 
fier tube in the last section of the exhaust manifold. 


m Detecting Engine Operation 


The vibrations of cylinder heads change with changing 
engine performance. By the use of an oscillograph along 
with M.I.T.-Sperry detonation equipment, these changes 
can be detected; in the case of abnormal changes, it has 
been possible to identify these images with failing or im- 
properly operating engine parts. 

By observing these images it was possible for the Atlantic 
Division of Pan American to detect that a particular “inter- 
mittent rough engine” performance during flight was 
In the test cell, Wright Aeronau- 
tical has been able to detect the cylinder with improperly 
adjusted valves, frozen valves, valve bouncing, broken pis- 
ton rings, a broken knuckle pin, cracked cylinder barrels, 
and bad spark plugs. 
experiences. 


caused by valve sticking. 


Many other users report similar 
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a Fig. 16~—Total data for fuel-flow curves NX 21771 —June 29 to 


July 17 





m Fig. 17 —Variations in oil consumption (Part 


The day before concluding Part I of the flight ¢ 
above method was used for determining the con: 


the 
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test engine. The results were as shown in 
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a Fig. 15 — Detonation fuel- 
flow curve NX 21771- 
10,000-f+ altitude — July 17 
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Table 2 — Condition of Engine Before 
Concluding Part | of Flight Tests 


As Observed by Sperry 
Detonation Equipment 
Cy! Remarks 
1 Valve adjustment required. 
Piston rings feathered 
Valve O.K. Rings O.K. 
Vatve adjustment required. 
Piston rings feathered 
Valve adjustment required. 
Piston rings feathered 
Valve adjustment required. 
Piston rings feathered 
Valve adjustment required. 
Piston rings feathered 
Valve adjustment required. 
Piston rings feathered 
Valve adjustment required. 
Piston rings feathered 
Valve adjustment required. 
Piston rings O.K. 


oa ni oo oo & wn 


Inspection 


< 


The day before concluding Part II of the 
flight tests the oscillograph images were 
again used in an effort to determine the 
condition of the test engine. 
were as shown in Table 3. 


proved that 


Visual Inspection 
Remarks 


Piston rings feathered 
Rings feathered 


Rings feathered 
Rings feathered 
Rings feathered 
Rings feathered 
Rings feathered 
Rings feathered 
Rings O.K. 


practically 


alves required readjustment. 


Table 3 — Condition of Engine Before 
Concluding Part Il of Flight Tests 


As Observed by Sperry 
D t ti ', i it 





Remarks — 


o 


Seonoalkwn—<s 





Valves and piston rings O.K. 
Valves and piston rings O.K. 
Valves and piston rings O.K. 
Valves and piston rings O.K. 
Valves and piston rings O.K. 
Valves and piston rings O.K. 
Valves and piston rings O.K. 
Valves and piston rings O.K. 
Valves and piston rings O.K. 


Visual Inspection 
Remarks 


Valves and rings O.K. 
Valves and rings O.K. 
Valves and rings O.K. 
Valves and rings O.K. 
Valves and rings O.K. 
Valves and rings O.K. 
Valves and rings O.K. 
Valves and rings O.K. 
Valves and rings O.K. 


m Fig. 19 — Exhaust valves (Part |) 


The results 





ate 9 Sali Ra ae 





























Bad plugs were detected in flight. After landing these 
plugs were replaced and normal operation restored on the 
following flight. 

Betore these tests began, exhaust valves 4 and 5 were 
observed to be out of adjustment. When checked on the 


of detonation. Especially notice No. 3, the condit 
which was more pronounced. See Figs. 22 and 22 


On pistons 6, 7, and 8, the coating was smooth over 


Reading from top to bottom: 
m Fig. 20—Thrust sides of Pistons | and 2 


m Fig. 21 —Antithrust sides of Pistons and 
(Part 1) E 


m Fig. 22 — Thrust sides of Pistons 3 and 4 | 


m Fig. 23—Antithrust sides of Pistons 3 , 
(Part |) 


m Fig. 24—Thrust sides of Pistons 5 and & [Pars 


ground, No. 4 had excessive ck 
0.012 to 0.014, while No. 5 ha 
clearance of 0.014 to 0.019, B 
patterns returned to normal aft 
adjustment. 

Several weeks later, oscillogray 
of No. 4 cylinder indicated that this 
was developing little or no power. Insp 
by Caldwell-Wright mechanics re 
this cylinder had a badly burne 
valve. With sufficient experienc 
sible, therefore, to identify some os 
images with failing or improperly 
engine parts. 


m Findings of Engine Parts 
Inspection — Part | 
After completing the flight test 
engine was given a top overhaul 
rings, and wristpins were carefully 
for signs of damage due to detonation. T! 
was no damage which could be attr 
detonation. The results of this invest 
can best be illustrated by the photogr 


Inspection of Valves — All exhaust 
showed smooth polished edges, 
perfect seating. No burning or unusua 
was observed. The condition of thes 
is evidence that exhaust valve burni 
be due to causes other than lean 
The standard sodium-cooled valve 
type of engine was used. See Fig. 19 

Inspection of Pistons — Inspection 
all pistons to be in excellent conditi 
pistons had a thick carbon coating, a 
cation that detonation was held to 
value. The even, dark-brown, lac 
coating on the piston sides was furt 








dence of their good condition. 5S 
20-28. 


Note — Pistons 1, 2, 3, 4, 5, and 


various amounts of carbon chipped off above the 
sion ring on the thrust and antithrust sides, an inc 


j 
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pistons with slightly heavier 
carbon along the edges. Above 
on ring, mone was removed 
rust or antithrust sides of the 
iting that little or no detonation 
in these three cylinders. See 
of Piston Rings — Although the 
\ ression ring in eight of the nine 
s feathered, the data along with 
parts give conclusive evidence 
eathering in this test was not 
letonation. In fact, the data and 
how that practically all the ring 
vas due to the type of rings used. 
photographs of the pistons, it 
served that carbon had been re- 
the No. 1 compression ring of 
>, 2, 4, 5, and 9, evidence that these 
id been detonating during some 
the test. This agrees exactly with 
btained with the Sperry detonation 
ders 6, 7, and 8, did not detonate 
during the test was evident from 
inspection and from the observed 
et the condition of the piston rings 
1 to 8 inclusive was identical. 
er hand, all piston rings of No. 9 
cylinder which was definitely 
luring the test, were in excellent 
However, No. 9 cylinder was the 
juipped with a chromium-plated 
pression ring. See Fig. 28. 
ilso be noted that, before Part IT 
began, one chromium-plated pis 
put in each cylinder of the test 
en the engine was disassembled 
erhaul, none of these rings was 
r operating at light detonation 
han 100 hr. This is definite evi- 
the type of ring and not detona- 
controlling factor in the ring 
f Part I in this test. 
n of All Other Parts— All other 
n good condition. Cylinder walls 
signs of serious scoring. No other parts showed 


+? 


# Findings of Engine Parts Inspection — Part II 


parts, pistons, rings, and valves were in good 
All cylinder walls had smooth polished surfaces 
oring. See Figs. 29-33. During Part II No. 9 
tonated most frequently. See Fig. 34. 
Oil consumption after 210 hr of operation was 
to 3 qt per hr at 525 bhp. 


= Conclusions 


can be saved by operating at light incipient 
The results show that under some flight con- 
me domestic airlines and military aircraft are 


1 Field Flight Tests,” by A. Isitt, A. L. Stanl 
Shell Development Report No. S-8600, Nov. 3, 





Reading from top to bottom 

a Fig. 25 —Antithrust sides of Pistons 5 and 6 (Part I) 

a Fig. 26—Thrust sides of Pistons 7 and 8 (Part |) 

a Fig. 27 -—Antithrust sides of Pistons 7 and 8 (Part |) 

a Fig. 28 —Thrust and antithrust sides of Piston 9 (Part |) 


wasting more than 200 of their fuel 


2. No mechanical damage or unusual wear was observe 


after operating at detonation for more than 100 hr, 


frequency of which varied from 1 to 40 per min. 


+} 


. } | } 
2, Changes in engine and atmospheric conditio! 


changes in the state of the fuel in flight, in additior 


inability of the refiners to deliver fuel uniformly withiu 


specified tolerance, make it extremely difficult if not 
possible to operate at maximum economy by the u 
predetermined cruising curves based on a specific kn 
fuel. 


i 








« Fig. 29 (upper left) — Pistons 1, 2, and 3 (Part Il) 

@ Fig. 30 (upper right) — Pistons 4, 5, and 6 (Part II) 
ig. 31 (left center) — Pistons 7, 8, and 9 (Part II) 
« Fig. 32 (right center) — All valves (Part II) 


2 
a 


4. Prearranged cruising or climb conditions, even in full 
rich, may not necessarily produce safe engine operation. 

5. In flight, incipient detonation definitely cannot be de 
tected from indications of the No. 1 cylinder-head tem 
perature gage, the Cambridge fuel analyzer, the roughness 
of the engine, or any combination of the three. 

6. Jt is possible to identify some of the abnormal oscil 
lograph images obtained with M.I.T.-Sperry detonation 
equipment with failing or improperly operating engine 
parts. 

7. While the detonation indicator does not solve all the 
problems of flight control necessary to maintain optimum 
conditions, it is a great step forward and a valuable aid 
in controlling such conditions where detonation in flight 
is a possibility. 





a Fig. 33 (lower left) -—Seating surfaces of all exhaust valves 


(Part II) 


a Fig. 34 (lower right) — Cylinder that detonated most frequently 
(Cylinder 9) (Part Il) 
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COLD STARTING and Fleet Operation 


by 
E. P. GOHN 


Automotive Engineer, 
Automotive Transportation Department, 
The Atlantic Refining Co. 


HE starting of internal-combustion engines, particularly 

at low atmospheric temperatures, is influenced by. quite 
a number of factors, including (a) temperature, (b) lubri- 
cating oil viscosity, (c) fuel volatility, (d) condition of 
ignition and electrical system, and (e) condition of engine, 
covering such points as valves, rings, carburetor, and choke 
fectiveness. To this list may be added the item of proper 
starting technique, that is, the manipulation of the choke 

id throttle to obtain the quickest start for the unit in 
ques 10n. 

Many of the above factors are directly dependent on the 
maintenance of the equipment, and, together with the 
proper training of the operators, can pretty well be con- 
trolled to have assurance that the equipment will lend itself 
to easy starting. On the other hand, there are other rather 

iportant factors in the above list influencing starting 

vility at low temperatures that are more difficult to con- 
trol, and they include the lubrication oil viscosity existing 

1 the cylinder walls and engine bearings, temperatures in 
the engine, and battery performance at low temperature. 

Efforts to overcome starting difficulties have resolved 

nselves into such schemes as building garages for 
lousing the equipment to maintain warmer temperatures, 
troducing lighter viscosity lubrication oils, resorting to 

e practice of diluting the lubrication oil on the cylinder 
valls by overchoking the carburetor just before shutting 
lown, using booster batteries to increase cranking effort 

d raise the voltage across the coil. There are also other 

hods that have been brought to light recently, which 
nclude prediluting the oil with a material which vaporizes 
f under engine operation, and heat generating units with 
tan to blow warm air across the parts where heat is 
-d. Individually or collectively, the methods employed 
© arrive at the desired goal, that is, to start the engine, 
though some of the resultant procedures or economies 
y be questionable for fleet use. 


‘he purpose of this report is to present data on cold 
gine starting, using a method that is not original with 


but, to the best of our knowledge, has not been fully 
red for practical utilization. 


® Discussion 


S quite apparent that the introduction of heat in some 


paper was presented at the SAE War Engineering-Annual 
Detroit, Jan. 8, 1945.] 


June, 1945 





gecesi of starting truck engines in cold 
weather have led to the development of sev- 
eral schemes for making starting easier. 


Discussed here is one of these methods, which 
consists of an electric immersion heater of 500- 
1250 w installed in the engine block for heating 
the liquid surrounding the cylinder walls. 


lt appears from tests carried out by Mr. Gohn 
that the electric immersion heater affords a rela- 
tively simple and economical means of improv- 
ing engine starting for equipment stored outside 
or even in unheated garages. 


THE AUTHOR: E. P. GOHN (M ‘37), who has been 
engaged in automotive engineering for Atlantic Refining Co. 
for the past 19 years, is now employed in the organization's 
automotive transportation department. Mr. Gohn, a _ past 
chairman of the SAE Philadelphia Section, is a vice-president 
of the Society, chairman of the SAE Transportation & Main 
tenance Activity Committee, and vice-chairman of the SAI 
ODT Maintenance Methods Coordinating Committee. 











form or other is highly desirable for effecting easier start- 
ing. It is also equally important, from the point of eco 
nomics, that the heat be supplied at the proper place to 
produce the maximum efficiency. Fundamentally, to start 
a gasoline engine, we must be able to crank over the engine 
at some minimum speed, have an explosive mixture in the 
combustion chamber, a spark across the plugs to ignite the 
charge, and, to keep running, the resistance drag lower 
than the power exercised by the starting explosions. At 
lew temperatures the shearing of the oil film on the cy! 
inder walls, together with the oil film resistance to turning 
in the bearings, are responsible for most of the cranking 
resistance, and a reduction in the values of these factors is 
highly desirable for easy starting. 

Towards this end, it was decided to experiment with 
electric immersion heaters which were installed in the 
cylinder block to heat the liquid surrounding the cylinder 
walls. The installation of the heaters offered no particular 
problem, and the location decided upon appears to have 
met that requisite of applying the source of heat where it 
would do the most good on this problem. Since it is highly 
desirable to confine the heat to the engine block, it was 
found that the thermostat in the engine helped the problem 
by reducing to a large degree thermosyphoning through 
the truck radiator. 

Realizing the importance of controlling operating con 
ditions on this problem, arrangements were made with the 
research and development department to utilize the facil 
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m Fig. 2-750-w heater 


ities of the automotive laboratory cold room for this start 
ing test program. 


m Test Equipment and Procedure 


The truck chosen for these starting tests was a tank 
truck which was in the group purchased in 1934. It is a 
cab-over-engine design, equipped with a 6-cyl engine, 41- 
in. bore by 4%-in. stroke. The electric system is 6 v, 
employing a Delco-Remy starter, number 724 Z, and the 
normal battery complement is a regular 19-plate, heavy- 
Guty type. This truck is shown in Fig. 1. 

The cooling-system capacity is 40 qt and approximately 
half of this quantity is in the block and water manifolds, 
which quantity of liquid is pertinent to heating by the use 


of the electric immersion heater. A line-type thermostat 
was installed in the outlet hose, close to the cylinder head. 
The physical dimension of the upper engine block gives a 


surface area exposed to radiation of approximately 7 sq it. 

The choice of the type and size of the electrical heating 
unit was governed by the size of the water passages and, 
in respect to the watt capacity, it was decided to install two 
heaters tor this test, one Of 500-Ww rated capacity, the other 
750-w rated capacity. These provided the individual capac 
ities of each heater plus a total of 1250-w capacity when 
hooked up in parallel. In addition, a resistance in series 
with the 500-w heater provided a lower wattage where the 


tests indicated such data desirable. 

Figs. 2 and 3 show the 750-w heater and its mounting 
in the inlet “ell” to the block. Fig. 4 shows how the heaters 
were installed in the engine block, and it is quite apparent 
that the block lends itself quite readily to the installation 
of the heating units. 

The location of each of the temperature measurement 
devices was as follows: two in the engine block, front and 
rear; two in the radiator, top and bottom; and one in the 
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crankcase oil. The thermocouples were convent 
constantan type and temperatures were read 
potentiometer. 

Since it was highly desirable to ascertair 
¢ ranking revolutions per minute, a speed mea 
was made by L. J. Test of the automotive la 
Fig. 5 will be found the electric diagram of tl 


ul 


Nal 


Fig. 6 shows its location as used during th 
worthy of mention that the timer worked wit 
and fractional parts of a revolution could eas 

Betore taking the truck to the cold room for 
was checked carefully for engine compression, 
distributor points, new spark plugs installed, 
cleaned and overhauled, choke control checked, a 
fuel pump tested for good operation. Th 
removed from regular delivery service and th 
cautionary work done to eliminate any varia 
these sources, and to make duplication of test 
A starting method technique was decided upon an 
out for all tests, one person being assigned to this | 
phase of the work. Crankcase oil samples wer 
periodically for analysis, and new oil was introduced 
each starting test. The same fuel was used for all t 
a laboratory inspection of the fuel, together with 
tions of new and used oils, will be found later in th 

Current draw during cranking was obtained, and 
voltage before and during cranking was also noted. S$ 
batteries were in continuous use during the | 
other words, we had a supply of recharged batter 
available for the various starting tests. 

In practically all tests, satisfactory starting 
were indicated by the ability of the engine to be start 
and run under its own power. A few exception 


») 


were instances where starting requirements had | 
viously established and data were desired only on cranking 
rpm. The location of the truck in the cold room 


amie 
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a Fig. 4-750-w heater mounted in the engine block 
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m Fig. 5—Engine revolution 


s to be noted that the truck radiator faces 


luct from which refrigerated air enters the 


the cold air was at a lower temperature than 


room temperature, and since there was also a 


m Fig. 7—Location of truck in cold room 








counter for starting tests 


continual blast of this cold air through the truck radiatos 
and passing over the engine at velocities ranging from g 
to 18 mph, it is reasonable to assume that field results at a 
specified set of ambient temperature conditions would be at 
least equally successful, if not more so, because of the facts 
stated above. 


= Test Data 


Fig. 8 gives an indication of the rate of temperature drop 
of various items on the truck in an ambient temperature 
of —2 F. 

After running the engine it was allowed to cool down 
rned on. The 


curves of chilling of various parts of the unit follow a 


with the 750-w electric immersion heater tt 


definite pattern, as indicated in Fig. 9, and it is interesting 
to note that the liquid in the engine block levels out at 
45 F. The radiator and crankcase oil also held at a higher 
temperature than the room. 

In Fig. 10 we have chilling data, holding the room at 


about —1 F and noting temperatures throughout the unit 


with the 5o00-w electric immersion heater on. The 500-w 


heater held the liquid temperature in the engine blo k to 
an average of about 37 F. 

The preliminary work up to this time indicates that it 
would be not only interesting, but also very pertinent to 
obtain the heating characteristics of the units where the 
heater is turned on after the entire truck unit temperature 
has leveled out to the ambient. Fig. 11 shows the temper 
atures reached with the 750-w heater turned on. 

Fig. 12 shows temperatures reached with a total of 125« 
w turned on. 


A point that may be asked at this stage of the test is, 
assuming that 45 F is desired in the engine block to obtain 
a satisfactory engine start, would it be possible to use a 
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reached 45 F in less than 2 hr, and the economics involved — ; : 3 4 an 
here is quite evident. To obtain this information, data are HOURS 
presented in Fig. 13, which shows the temperature rise 


with a 750-w plus a 500-w heater on, and then the 500-w 
heater cut out when the block reached 45 F. Readings 
were taken every 15 min and, although we obtained a 
slight drop in temperature, it indicates that the entire mass, 
metal, oil, and coolant that we are heating readily absorbs 
the heat and raises temperatures correspondingly. By the 
same token, it can be deduced that if we hold the high 


wattage heater on for another 15 min, resulting in a [ew 
degrees above the temperature desired, that the tempera 
ture will be at the point required, 

This completes essentially the work done around 0 F 
and subsequent data were obtained holding ambient tm 
peratures at 10 F, 21 F, and —15 F. 

In Fig. 14, there is shown a cycle of events resulting trom 
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a Fig. 15-Cycle of events resulting when the ambient tempera- 


ture is 20 F 
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"Fig. 16~Effect of applying 1250 w to liquid in block, starting 
from —I5 F 
alterna lling and heating the liquid in the block 
em| vattage input of 1250, 750, and 500, and ob- 


in ambient temperature of around 10 F. The 
of the block temperatures with various size 
urly indicated. 
g nows a cycle of events resulting at an ambient 
mperature of 20 F. The block temperatures have been 
this condition to 85 F and 73 F for the 1250- 
Inits, respectively. 
ows the effect of applying 1250-w heat to the 


liquid in the block, starting from —15 F. It is to be noted 
that both the crankcase oil and radiator temperatures have 
been raised about 10 F by the addition of heat to the liquid 
in the engine block. Although actual data were obtained 
only on the 1250-w heater, there is plotted also an estimated 


heat curve for 1000- and 750-w units. 

The question could be asked, “What type of results 
would be obtained with the electric immersion heater if 
the thermostat was removed from the system?” The data 
on this problem at around o F are shown in Fig. 17, and 
ic is quite apparent that thermosyphoning through: the 
radiator has completely changed the picture. 

An interesting set of curves on the economics involved 
in using various size heater elements will be found in Fig. 
18. Here is plotted kilowatt-hours against resultant engine 
block temperatures for three sizes of heating elements. 
The kilowatt-hours are based on actual watts consumed, 
and the efficiency of higher capacity heaters is readily 
apparent. For example, if it is desired to have a block 
temperature of 45 F, with an outside temperature of 
approximately —2 F, it would take 2.2 and 5.5 kw-hr, 
respectively, for 1250- and 750-w capacity heaters. 


m Analysis of Data 


The first attempts to start the vehicle around o to —2 F, 
indicated by the tests in Table 1, were unsuccessful. Two 
attempts using fully charged cold batteries each time failed 
to provide an engine start. 

A warm battery was installed with engine conditions 
practically the same, and a possible start is indicated. 
Increasing terminal voltage by the use of four and five 
cells, instead of the original three cells of one battery, 
provided the necessary cranking effort to effect a start. 

It is quite apparent that this truck will be difficult to 
start at around o F, and this fact is verified from our field 
operation, where trouble is encountered in starting the 
equipment under the conditions given. Where a warm 


battery is used, higher cranking speeds were obtained, but’ 


it must be remembered that the drag resistance must not 
be so great as to prevent the engine from running under 
its own power. This point is important, since starts may 
be indicated by explosions in the exhaust, but this resis 
tance drag is too high to permit the engine to run. Further 


Table 1 — First Attempts to Start Vehicle at 0 to —2F 


Temperature, Room, F n 2 2 1 1 
Crankcase Oil, F 2 3 A 3 3 
Block Front, F ? 3 3 0 0 
Block Rear, F 2 3 3 1 1 
Radiator Ton, F 1 3 3 3 3 
Radiator Bottom, F 2 3 4 3 3 

Batterv Voltace a) 6.2 6.2 8.1 104 

Cranking Voltace 4.1 4.2 4.4 6.3 7.5 

Maximum Amperes 400 410 45) 450 500 

Ranae Amperes 400-325 410-325 4509-350 450-375 500-400 

Start Attemrts 1 2 16 3 

Cranking Time, sec 58 223 43 

Cranking Revolutions 26.3 12.2 105.3 41 

Cranking Rom 12.7 28.3 57 

Rom Range 12-13.2 22-42 39-67 

Rom Enoine Start 67 Not Taken 

Engine Started Possible Possible Yes 

oll SAE 2. 20W SAE 2020 SAE20-20W SAE 20-20W SAE20-20W 

Heater Off Off Off Off 
Seated 


Battery No. 1 Battery No. 2 Battery No. 3 Battery No. 2 Battery No. 2 
1.275 gravity at 1.310 gravity at 1.285 gravity at Plus one cell Plus two cells 
F -2F 70 F 


- from another from another 
battery battery 
Did notobserve Occasional Occasional 
any firing firing noted in firing noted Near start Engine started 
exhaust; not near start 
enought to 
permit engine 
torun 
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= Fig. 18—-Kilowatt-hours plotted against engine block tempera- 


tures for three sizes of heaters 


more, where. a start is shown as possible, this could be 
defeated by improper manipulation of controls or varia 
tions in engine and battery condition. Should the oppor 
tunity be the tests revealed that further 
cranking to effect another opportunity quickly vanishes, 
since the battery becomes spent, and will have to be re 
placed with another one. This is practically what happens 
during the starting of truck equipment, the driver runs the 
battery down and must have it replaced or the truck towed 
before another starting opportunity is obtained. 


missed to start, 


As soon as heat is introduced to the engine block, as 
shown in Table 2, an easy start was obtained even with 
the battery temperature at the ambient room temperature 
of o to —1 F. It is to be noted that with a block tempera- 
ture of 44 F, a start was made in 20 sec. Using a smaller 
capacity heater where 36 F was obtained in the block, a 
start was obtained in a little over one minute. Since the 


application of heat to the engine block has also been 
instrumental in raising the crankcase oil temperature, it is 
reasonable to assume that the oil existing in the main and 
connecting-rod bearings has absorbed. some heat which is 
helpful in promoting easy starting and assisting the lubri- 
cation problem. 





Table 2 — Starting Tests at —1 to 


—2F with ~— Block Heated 


Temperature, Room, F —1 2 
Crankcase Oil, F 6 6 Tempera 
Block Front, F 44 38 Crank 
Biock Rear, F 43 34 Block | 
Radiator Top, F 4 2 Block | 
Radiator Bottom, F 6 2 Radiat 
Battery Voltage 6.1 6.1 Radiat 
Cranking Voltage 4.2 4.2 battery | 
Maximum Amperes 400 400 Cranking 
Range Amperes 300-400 300-400 Maximu! 
Start Attempts 2 6 Range A 
Cranking Time, sec 20.5 66 Start Att 
Cranking Revolutions 1 36 Crankin 
Cranking Rpm 33 33 Crankin 
Spm Range 26-42.8 26-4 Crankin 
Rom Engine Start 42.8 38 Rem Ra 
Engina Started Yes Yes Rom bey 
Oil SAE 20-20W SAE 20-20 w Eng 
Heater, w 750 500 0 
Remarks heater 
Battery No. 5 Battery No. 5 
ae at : i gravity at Batt 
1 ql 


oe battery 


Having obtained a rather easy start at o F SAE 3 
oil and a block temperature around 36 F, it was decided Her 
repeat the tests at around o F, but with SAE 30. In Table: 
will be found the test results under these conditions. 

Additional experimental data at around o F are shown 

1 Table 4. Here we find that an easy start is obtaine 
with a half-charged battery at block temperatures of ar 
63 F. A start was obtained again with SAE 
block temperature at 31 F, and the battery at 1 F. No stan 
was obtained with a block temperature of around 11 F 


with 





Table 3 — Starting Tests at 0 to —2F with Engine Block Heated 


Temperature, Room, F 0 2 2 Cr 
Crankcase Oil, F 8 6 6 Bi 
Block Front, F 53 36 38 Bi 
Block Rear, F 51 29 re Ri 
Radiator Top, F 0 —2 2 Rs 
Radiator Bottom, F 4 2 2 Batt 

Battery Voltage 6.1 6.1 6.2 Crar 

Cranking Voltage 4.1 4.1 5.3 May 

Maximum Amperes 375 390 435 Ran 

Range Amperes 275-375 300-390 375-436 Star 

Start Attempts 4 4 4 Cra: 

Cranking Time, sec 46.4 273 36 Cra: 

Cranking Revolutions 21 67 22.5 Cra 

Cranking Rpm 31.5 14.7 37.5 Rep 

Rpm Range 15-44 13. 2-14.9 27.6-43 Ror 

Rom Enaine Start 31 43.0 Eng 

Engine Started Possible No Possibie 0 

SAE 30 SAE 30 SAE 30 He 
Heater, w 750 500 500 
Remarks 
Battery No. 6 Battery No. 1 Battery No. 3 


1.255 gravity at 0 F 
This Is a borderline start- 
ing condition 


Recharged, temperature at 
time of test —1 F 

Engine could not be 
started 


Battery (which was at room 
temperature) would 
apparently make a start 
possible 

A borderline case 





Table 4 — Starting Tests at 2 to —2F with Engine Block Heated Tr 


Temperature, Room, F —2 2 2 ' 
Crankcase Oil, F 11 7 0 
Block Front, F 65 31 12 46 
Block Rear, F 62 31 10 40 8 
Radiator Top, F 2 6 0 v f 
Radiator Bottom, F 7 6 0 7 \ 
Battery Voltage 6.2 6.2 6.1 5 
Cranking Voltage 4.1 4.1 4.2 4.2 ‘ 
Maximum Amperes 350 375 400 400 t 
Range Amperes 270-356 275-375 300-400 300-400 
Start Attempts 3 2 4 ( 
Cranking Time, sec 30 45 322 7 
Cranking Revolutions 12 20.3 80 as 
Cranking Rpm 24 27 15 v | 
Rpm Range 19-60 11-60 7.8-48 One attempt : | 
Rom Engine Start 60 60 - | | 
Engine Started Yes Yes No Ves 
Oil SAE 20 SAE 20 SAE 20 SAE 2 
Heater, w 1250 435 287 250 for !./9 
Remarks 
Battery No. 7 Battery No. 2 Battery No. 3 Battery set 1 
1.265 gravity at 1 F 1.295 gravityat1F 1.305 gravity at1F 1.290 gravity® 
This battery only Number of 
half charged, yet explosions observed 
made a start in 30 sec 
. 6 
338 SAE Journal (Transactions), Vol. 53, No 








A Table 5 — Starting Tests at 9 to 10 F 
«satire, ROOM. F 10 9 9 +) 
meee. Oil, F 11 16 12 nN 
ek Front, F 13 53 37 - 
Block Rear, F 13 52 35 9 
sedator Top, F 10 10 10 9 
Radiator Bottom. F 10 13 12 8 
matey Voltage 6.1 6.1 6.1 6.1 
Cranking Voltage 4.3 4.3 4.2 4.2 
Maximum Amperes 350 400 
Range Amperes 275-400 300-400 350 300-400 
Start Attempts . ¥ 7 
anking Time, S€ 27 10 11.8 112.5 
srrking Revolutions 17 6.6 4.6 39.0 
Ceniing Rom 37.5 39.5 23 21 
Rem Range 33-42 _ 17-25 
Rom Engine Start 2 =e , 
Engine Started Borderline Yes Yes Borderline 
iy SAE 20 SAE 20 SAE 30 SAE 30 
Heater - = 750 500 7 
Remarks 
Battery No. 5 Battery No. 3 Battery No. 2 Battery No. 7 
m0 oravityat 15F 1.300 gravityat10F 1.290 gravityat10F 1.295 gravity at 11 F 
Border e case Borderline case 
, \nother interesting point is brought out in Table 4. 
to Here we find that using a 1250-w combination heater in 








engine block liquid, an easy start is obtained with a 
fully charged battery and SAE 20 oil in the system, 
ough this high wattage heater has been turned on for 
only 1°4 hr, resulting in an engine block temperature of 


nd 43 F, after this relatively short heating period. 
lemonstrated that at around o F, with SAE 20 
‘an HE ol in the system and a cold, fully charged battery, no start 
tained, even though the engine block liquid was 


ed Table 6 — Starting Tests at 9 to 21 F 


Temperature, Room, F 9 21 20 21 
Crankease Oil, F 17 32 20 32 
Block Front, F 54 85 20 74 
Block Rear, F 53 81 21 75 
Radiator Top, F 11 34 20 27 
Radiator Bottom, F 14 30 20 23 
Battery Voltage 6.2 6.1 6.2 6.1 
Cranking Voltage 4.3 - 4.3 5.4 
Maximum Amperes 425 350 400 350 
: Range Amperes 300-425 200-350 300-400 250-350 
" Start Attempts 1 wes 4 ean 
Cranking Time, sec 6.5 10 30.6 5 
Cranking Revolutions 4 g! 3 Not taken 4 
Cranking Rom 37 56 20 (4 readings 48 
a Rom Range 37-60 56 — — 
, Rom Engine Start 37 — 
Engine Started Yes Yes Borderline Yes 
0 SAE 30 SAE 30 SAE 30 SAE 30 
Heater, w 750 1250 Off 750 
Remarks 
Battery Nc Battery No. 3 Battery No. 3 Battery No. 2 
= SUgravityat ll F 1.295 gravity at 21F 1.293 gravity at 21 F 1.300 gravity at 22 F 
Engine fired but did 
n not develop power to 
keep going 
Table 7 — Starting Tests at —17 to 21 F 
ted Temperature, Room, F 21 —17 —17 0 
Crankcase Oil, F 29 cane 2 3 
Block Front, F 58 58 58 16 
Block Rear, F 56 55 55 15 
Radiator Top, F 23 6 6 22 
Radiator Bottom, F 27 8 8 2 
Battory Voltage 6.2 6.2 6.1 6.2 
, Marking Voltage 4.4 3.9-4.0 4.0-4.7 4.3 
: mm Amperes 400 375 50 400 
7 Sint amperes 275-400 275-375 300-450 300-400 
nit Attempts 1 4 3 2 
400 Cranking Time, sec 4%5 112 56 27 
cr"king Revolutions 3 34 29 10 
Rom ma pm 39 18 30 22 
Ro ange 38-40 16-21 28-31 22 
= Engine Start 40 dows 28 ne 
rhe Started Yes No Yes Possible 
Heater SAE 30 SAE 20 SAE 20 SAE 20 
” sd 500 1250 1250 750 
75h . Remarks 
T pon aged Battery No. 2 Battery No. 7 Battery No. 2 
5 ony Gravity at 21 F =a at 1.285 gravity at68F 1.285 gravity at 0 
ror a 
oh Several explosions In parailel with cold Gave indication of 
at second attempt battery No. 2-—voit- starting at second 
age sufficient to give attempt - could not 
ignition start keep running - 
thermostat out 
10, 9 


June. | OAL 





heated to around 11 F. However, where the ambient tem 
perature is around 10 F, a borderline starting condition 
exists, which indicates an improvement in starting ability, 
due probably to somewhat higher temperatures in the beat 
ings and throughout the engine. These data are shown in 
Table 5. 

Continuing the work at ambient temperatures around 
10 F, but with SAE 30 oil in the system (Table 5), we 
find, for example, that a start is obtained with the engine 
block temperature raised to around 36 F. 

Table 6 indicates a start obtained in 6.5 sec where the 
engine block has been elevated to 53-54 F. It will be 
recalled that in Table 3, with SAE 30 in the system and an 
ambient temperature of around o F, the battery tempera 
ture around zero, and a block temperature of 36 F, no start 
was obtained, and yet, at approximately the same block 
temperature with the same oil and the ambient temperature 
at around 10 F, battery at 10 F, a start is indicated. 

Continued work with SAE 30 oil in the system at am 
bient temperatures around 20 F indicates that a borderline 
starting condition exists without any heat to the block at 
this temperature, as indicated in Table 6. 

In Table 7 will be found starting test data with outside 
temperatures around —17 F. At around —17 F ambient 
temperatures, with SAE 20 oil in the system, and thx 
maximum wattage of the installed electric heater on, 
namely 1250 rated w, no start was obtained, even though 
the block temperature has been elevated to around 57 F 
The battery temperature during this test was at —14 F. 
and although we obtained an average cranking speed of 
18 rpm and several explosions were noted, no start was 
obtained. One significant factor here was that the terminal 
voltage dropped to below 4.0 during the cranking period. 
In order to start the engine at this relatively extreme tem 
perature condition, we found that another battery (which 
was at a temperature of 68 F) in parallel with the cold 
battery on the truck was helpful. Since the cold battery in 
question had been pretty well run down by the previous 
test, it is probable that it aided very little to the starting 
effort, so that it might be concluded that a start is possible 
at around —17 F with the engine block liquid heated to 
around 57 F, utilizing a warm, fully charged battery. 

The importance of the thermostat on this problem is also 
shown in Table 7. For this test, the thermostat was re- 
moved and with the 750-w immersion heater on, we only 
reached around 15-16 F in the engine block as against 45 F 
with the same capacity heater and the thermostat in place 
As was expected, a borderline starting condition results at 
this temperature. 

Table 8 shows the laboratory inspection of the new and 
used oils, together with the fuel characteristics. 


Table 8 — Crankcase Oil Inspection 
Viscosity At 


Oil Grade 100 F 210 F Dilution, % Remarks 

20 SAE 20-20 W 307 53 New oi! 

30 SAE 30 573 67 New oil 

1 SAE 20-20 W 264 51 2.5 Used oil 

2 SAE 20-20 W 269 51 3.0 Used oil 

3 SAE 30 412 52 2.5 Used oll 

4 SAE 20-20 W 245 50 4.5 Used oil 

Inspection of Fuel Used During Starting Tests 
Gravity, deg API 59.5 Distillation, F 

Reid Vapor Pressure, psi 9.2 IP 86 
Octane Number (Motor Method) 74 5% 111 
10% 129 
50% 256 
90% 364 
EP 460 
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@ Interpretation of Results 


The problem under consideration is that of starting truck 
equipment easily and quickly in the morning during 
winter operation. Most of our truck equipment covering 
Philadelphia is stored outside, where it is subject to am- 
bient temperatures and winds. Considering our Philadel- 


phia fleet at the moment, we find from weather reports the 
following: 


Number 
; : Lowest 
ot Days of 32 Fand Below. 
. aE. 0 SS ena Temperature 
Month 1943 Average of 70 Years for 1943, F 
January 26 22 15 
February 1g 20 3 
March 19 12 7 
April 9 2 25 
November 12 4 8 
December 24 18 9 


Here we find that at least 72.5% of the days of the four 
coldest months were 32 F or below, and of the six months 
under consideration; 60% of the days were 32 F or colder. 

Weather data also reveal that Philadelvhia has encoun- 
tered temperatures of —5 to —11 F as recently as 1932. 

At an ambient temperature of zero, ‘eating the liquid 
around the cylinder walls to 44 F with an electric immer- 
sion heater, we obtain an easy start in about 21 sec. We 
can also obtain a start by heating the jacket water to 36 F, 
although it took about three times as long, or 66 sec. The 
significance of this increase in time is not so much in actual 
time saved converted to expense, but the added cranking 
time in seconds imposed upon the battery. In other words, 
if the truck driver attempting to start misses the oppor- 
tunity by poor manipulation of the choke, throttle, and so 
on, he could very easily discharge the battery before an- 
other starting opportunity presents itself. The time re- 
quired for starting the engine becomes very important and 
the reduction of actual cranking time in seconds is highly 
desirable. 

There are other significant points that are worthy of 
mention at this time from the data, where starting con 
ditions are compared with and without the introduction of 
heat to the liquid coolant around the cylinders. Cranking 
speeds have increased, the crankcase oil temperature has 
been elevated, and heat has been introduced to the mani- 
fold and intake ports. 

The test data also indicate the sharp drop in battery 


performance where we reach subzero temperatures of the 
battery. 


w Conclusions 


Summarizing the results of this study, it is apparent that 
the electric immersion heater installed in the block water 
jacket affords a relatively simple and economical means of 
improving engine starting for equipment stored outside or 
even in unheated garages. 

A direct result of starting equipment quickly is in the 
reduction of lost time of both the equipment and _ the 
chauffeur. Another benefit is quicker warm-up and better 
lubrication of the engine during starting and warming-up, 
which will be reflected in better maintenance costs. 

Where subzero temperatures are quite prevalent, then 
attention to battery performance is also essential. This is 
a problem that is perhaps only to be confronted by vehicle 
owners in northern parts of the country, yet, even as such, 
a large number of vehicles are involved. 


In conclusion it might be- well to mention that , - 
existing engine blocks do not lend themselves too ;¢,3), 
to the installation of standard immersion heaters. Other 
may be more adaptable to such an installation, but in dike (Pro 
case, consideration should be given to supporting the hes. 
ing elements to reduce the probability of vibration failure 
It certainly would appear to be much more satisfactory 
provision for installation were originally designed : 
engine manufacturer. 


Pro} 
Lubr 


by the 
The data presented in this report indicate the improv. 

ment in starting ability resulting from the introducti: 

heat through means of immersion heaters. On the othe 


hand, there are, no doubt, other methods than the 
mentioned here for accomplishing these results. 


Perhaps some post-war thinking along these lines wou) 
not be amiss at this time. | 
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Discussion 


Suggests Use of Lighter Oils in Tests 
As Being Nearer to Operating Practice 


-T. C. SMM 
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HE presentation which Mr. Gohn has made of the expe 

data derived from his study of cold engine starting i 
ing and stimulating. I hope this work will lead to f 
along this line. Admittedly the paper deals with 
phase of the problem, but this is so well presented 
form a basis for further efforts. 

It should be noted that there were no starts mad 
mum of 22 rpm, and under this speed, evidently, the 
not be started. It is significant that this minimum speed w 
to effect starts under the test conditions. : 

It might be emphasized that if there is a miss on the first 
cold weather, there probably would not be another chai 
lowering of the battery power. 

It would be interesting to know whether the engines w 
started at a lower rpm if the cylinders Had been pri 
only choked. Mention is made of the starting techniqu 
this technique is not described. It would help to throw 
results if the technique were outlined. Of course it is un 
that the same technique was followed in all tests, so that t 
cancels out. 

The method of heating water in the jackets u 
power, about 12 amp at 110 v, and it may be necessary t 
power for hours before starting. This means that there must 
source of power other than the battery. In a garage 
electric light connections could be provided, but f 
runs to various locations with the vehicles parked outs 
end of the run so that the engines would cool off, t 
heaters could not be used. 

As another test it would be interesting to note what 
be obtained if, instead of using SAE 30 or 20 engi! 
viscous 10oW oil were used. This would be nearer to 
ditions in many instances. . 

In the conclusion of the paper it is rather imp 
manufacturers should design engines to take jacket-t 
ers. Possibly the jacket-type water heater is not the 
old engine starting. It is suggested that at least cor 
this development, some thought be given to other m¢ 
gasoline-type heaters, integral with the vehicle and ! 
electric light power source. 

Diluting or lowering viscosity of oil has becom 


concluded on page 351 


SAE Journal (Transactions), Vol. 53, No. 6 








al 





BBB (ogress Report on Gear Oils 


B® ibricants Research Committee) 


Prepared by PAUL V. KEYSER, JR.’ 


Director, CLR Gear Oils Project 


7 
HE title “Universal Gear Lubricants” is a statement of 
te objective, mo more no less, with due 


Federal and Army specifications dignified in 
hion. The term “universal gear lubricant” 
usage today describes a lubricant capable of 
yutomotive and truck hypoids that is, at the 
nd ne, a reasonably satisfactory lubricant for other 
ng : ransmissions tound in such vehicles. 

iately two years ago the Ordnance Department 
CRC to undertake a cooperative study ot 
iirements of the U. S. Army Ordnance De 
[Tentative Specification AXS-825 (subsequently 
Ss. Army Specification 2-105) with the following ob 
nd as reported by Major H. F. Kley in a 

Technical Committee B of the ASTM: 
TH t procurement of all products that will give 
rvice in Army material operating under mili 


Py a latitude for accepting progressively im- 
ucts. 

\flord the simplest possible methods and tests re 
petroleum inspector to assure that succes 


ase lots of the products conform to the Army’s 


nt 
tS 


nore bluntly, the existing specification has, 
ry requirements, barred products known to 
service, presented inspectors with a series of 
nd permitted the procurement of products 
ilways given the highest level of perform 
mean to imply that products meeting U. S. 
ition 2-105 have not been generally satis 
have been and this the Army freely con 
r, there have been telltale signs pointing th« 
lor improvement. The Army has only one 
It has, therefore, been necessary to us 
hicles under all types of operation. In certain 
ers there has been evidence of high incidence 
leposits in bearings with at least one regular 
product. 


specification places great emphasis on per 


ler high-speed shock conditions, and but 


upon low-speed, high-torque conditions 


npanying wear and chemical breakdown of 
This specification is a notable effort to 


entirely in terms of laboratory tests, a satis 
1 gear lubricant. It has succeeded to th 
no serious failures have been reported. Hov 
vas presented at the SAE Wer Engineering ~ Am 
t, Jan. 11, 1945.] 


nd Development Laboratories, S ny-Va 


o 


Bescon‘ Uiversal Gear Lubricants 





HE Army's need for a universal gear lubricant 

for cars and trucks, that is, one capable of 
lubricating hypoid gears as well as other gears | 
and transmissions, led the Ordnance Department 
to request the CRC to study the problem in an 
effort to improve the requirements of the pres- 
ent specifications. 


The CRC group that made the study has 
come to the following conclusions: 


1. There is no laboratory test or combination 
of tests that will accurately predict the ability 
of a lubricant to protect gears under all condi- 
tions of operation. 


2. It will be necessary to define lubricants in 
terms of simulated service tests. 


CRC and the Army have now developed two 
service evaluation tests that appear to give, 
jointly, a good measure of the dual, speed-pres- 
sure function. 








THE AUTHOR: P. V. KEYSER, JR M 
been with Socony-Vacuum Oil Co., In ais 
serving in the post of manager the Resea 
vent Laboratori Mr. Keyser 3 rember of ft CR 
Coordinating Lubricants Research Committ 
] r eral g i 
| 
ever, it has failed in that the use of laboratory tests ha 


not accomplished a sufliciently broad definition to cover 
all lubricants which are known to give satisfactory servic 

Since the Army’s original request the G Lubricant 
the CRC has been accumulating, in 


Advisory Group of 
r h the Ord » Department I 
cooperation with the rdnance epartment, a very con 


siderable amount of data on the performance properties o! 


| 
a series of experimental lubricants under field operating 


conditions, in laboratory tests, and in simulated service 


1 


evaluations. The experimental] 


wide range of materials varying from 


lubricants represented l 
products strictly 
meeting Army Specification 2-105, through other product: 
of commercial standing, the usage of some being permitted 


by the Army under waiver, to highly experimental jubri 
cants. As a result of this work the Group has come to 


certain basic conclusions 


Ee There is no laboratory test OF combination or tests 
| 
' 


which will accurately predict the ability of a lubricant t 
protect gears under al! conditions of operation. In Table 
is shown a brief tabulation of laboratory results versu: 
simulated service tests. It will be noted that SAE valu 
excess of approximately 275 will assure the lubricant 

ing the truck high-speed test (modified shock test 
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a Fig. | — Gears rated as passing by the high-speed test — above: 
drive sides; below: coast sides 


some lubricants with values considerably lower than this 
On the other 
hand, there is no apparent correlation between the SAE 
test and the ability of the lubricants to protect gears under 
high-torque, low-speed conditions. Timken values show 
no correlation with the modified shock test. They tend to 
show some, but completely inadequate, correlation with 
the high-torque test. 


figure have also passed such evaluations. 


which followed 
naturally from the first, was that it would be necessary to 


2. The second conclusion arrived at, 


define lubricants in terms of simulated service tests. Army 
experience with products which might be classed as border- 
line in the VVL-761 shock test indicated that this require- 
ment had been too stringent. On the other hand, there 
was a recognized need for a measure of high-torque, low- 
speed wear characteristics. Over a period of many years 
George Slider of the Chrysler Corp. has conducted dy- 
namometer and field test evaluations of this property 
which indicated that the typical VVL-761 (Army 2-105) 
lubricants were prone to be deficient in this respect. It is 
not the purpose of this paper to discuss in detail the chem- 
ical and physical mechanisms by which extreme-pressure 
lubricants function. It is sufficient to say that most cur- 
rent investigators are agreed that resistance to film rupture 
ind ability to protect against metal fusion are each func 
tions of speed and pressure with correction for chemical 


ictivity and physical adsorbtion factors. These corrections 
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a Fig. 2-Gears rated as borderline by the high-speed test — 
above: drive sides; below: coast sides 






Ordnance Department P 


a Fig. 3- Gears rated as failing by the high-speed test - abovs 
drive sides; below: coast sides 


become the very essence of a truly satisfactory lubrica 
In defense of the chemists and petroleum technologists, ' 
problem has been particularly difficult because the 
functions are opposed — antiweld agents function by virtw 
of their chemical activity which, under high-speed, high 
temperature conditions actually results in chemical rea 
tion with the metal surface or chemical wear. But by far 
the greatest stumbling block has been, and remains, ina 
quate and frequently misinterpreted laboratory evaluation 
The CRC in cooperation with the Army has develope 
two service evaluation tests which appear, on the basis 
very extensive data, to give, when considered jointly 
good measure of the dual, speed-pressure function 
The first of these, emphasizing the speed factor, is ' 
modified shock test which utilizes a 1'4-ton, 4 x 4 Am 
truck, loaded to 100% over the rated load, driven 5 
under a repeated schedule of acceleration to maximu 
speed (at least 45 mph), followed by deceleration | 


mph against engine friction only. If, at the conclusion } 
the test, one of the ring gear or pinion gear teeth h 
scored on either side, the lubricant is considered to have 
failed. The test is not as severe as the passenger-car s! 
test included in U. S. Army Specification 2-105, but 
considered to represent the most severe conditions to wh 
Army equipment will be subjected. Obviously, if in post 
war days the demands of passenger vehicles are inade 
quately covered by this procedure, the severity of the 
procedure itself can be increased or some similar procedure 
developed. 
Table 1 — Laboratory Results Compared with 
Simulated Service Tests 
SAE Test Truck High-Torque 
——_——— Dyna- _High- Test 
Before After Timken mometer Speed a 
Heating Heating OK Shock Road Gear Sludge 
Lubricant 1000 Rpm 500Rpm_ Load Test Test Wear Deposits 
Typical 342 460-- 59 Pass Pass Border- Borde- 
VVL-761 or 294 452 59 line to line to ' 
Army 2-105 283 453 59 fail ‘fail | 
Commercial 71 417 87 Fail Pass Pass Pass 
having good 237 448 77 
service record 104 368 68 
Experimental 43 131 68 Fail Pass Pass Pass 
No. 1 18 153 68 
30 148 68 
Experimental 288 394 18 Fail Fail 
No. 2 165 409 33 
136 414 25 
Experimental 
Fai Pass 


No. 3 322 40 Pass 
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these tests, emphasizing the pressure 
torque dynamometer test, is essentially a 
xedure with a new Dodge %4-ton, 9%-in. 
sle carrier, 5.83:1 ratio, operated cyclically 
temperature which is controlled at 200 to 
period of approximately 30 hr, with a test 
b-in. ring gear torque at a speed of 62 rpm. 
\, editorial panel of the Group is now preparing a 
a n for a detailed requirement very largely 
ered around these two test procedures. Figs. 1, 2, and 


examples of gears that are rated as passing, border 
ind failure by the high-speed test. Figs. 4, 5, and 6 
how, respectively, a typical U. S. Army 2-105 lubricant, 
sbricant which does not meet U. S. Army 2-105 specifi 

ch passes the high-speed test and gives ex 

ent results in the high-torque test, and last, a product 

" hich passes the high-speed test, has an improved chemical 
ty from the point of view of deposits in the high 
ut which results in excessive wear in this 


int mention must be made of lubricant sta 
s perhaps fortuitous that the high-torque test is 


Ordnance Department Photographs 


‘igh-torque ring-gear and pinion test of typical U. S. 
“my 4-'05 lubricant — Dodge, ¥%-ton, 95% hypoid axle; ring-gear 
wae, 34.31! in-lb at 62 rpm; oil temperature, 200 F (minimum) 
to 250 F (maximum); 30 hr; 5.83-1 ratio 


the Spicer axle rusting test 
storage with specified maximum scedimentatio 














Ordnance Department Phot 


a Fig. 5—High-torque ring-geor and pinion test of a lubricant 

that does not meet U. S. Army 2-105 specifications but that does 

pass the high-speed test and gives excellent results in the high- 
torque test— other data same as for Fig. 4 


ilso an excellent measure of the tendency of the lubricant 
to cause sludge or gummy deposits and metal discoloration 
and corrosion (true chemical attack, not low-temperature 
moisture corrosion). The ability of the test to evaluat 
this property of lubricants has been truly remarkable, as 
hown by Figs. 4,5; and 6. 

Unfortunately, no laboratory oxidation or heating test 
investigated to date has shown any real promise of ade 
quate correlation. Practically all of the standard tests and 
variations of some have been investigated 


There are other important considerations which have 
heen investigated and included in the recommended proce 
dures. The framework includes provision for qualification 
of additives and inspection of finished lubricants, although 
1. ls now anticipated that lubricants will have to be sub 
jected to some qualification tests based upon classes or 
categories of base stocks. 

It has been recommended that qualification of additives 
be based upon the following requirements: 

t. High-speed road test. 

2. High-torque dynamometer test. 

3. Moisture corrosion test.” 

4. Solubility test.$ 
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a Fig. 6—High-torque ring-gear and pinion test of a lubricant 
that passes the high-speed test) has an improved chemical sta- 
bility from the point of view of deposits in the high-torque test 
but that results in excessive wear in this procedure — other data 


same as for Fiq. 4 


In addition, certain further tests must be conducted for 


record, namely: 


1. Load-carrying capacity (SAE test). 
I add 


2. Load-carrying capacity (Timken OK load). 


3. Chlorine content (ASTM Designation ES-36). 
+. Added sulfur (ASTM Designation D 129-39). 
5. Phosphorus (ASTM Designation ES-37). 
6. Lead. (ASTM Dez signation ES-28). 


Inspection of lubricants is based upon the following 


recommende d tests: 


1. Viscosity (Three grades 75, 80, and go). 
2. Viscosity index — 85 minimum, all grades. 
-20 F on the 8 


3. Channel (—50 F on the 75 grade; 
grade; and —o F on the go grade). 
4. Flash point. 


5. Copper strip activity test (No blackening or pitting - 


2 hr at 212 F). 
6. Ferrous metal protection test. 


7. Foaming test (650 ml foam maximum make in 
at room temperature and 200 F. CRC Procedure Li 1143). 


The channel test has been revised and standardized and 


will appear as a CRC procedure. 


The flash requirement has been temporarily 


partme 


mended pending the development of an adequate 
tory stability test. 

The ferrous metal protection test is a simple beaker y 
in the presence of moisture which correlates well wish a 
Spicer axle test. It also will be a CRC procedure, re 

It will also. be required on inspection that the chemicy 
elements content, that is, S, P, Pb, and Cl be determines 
and shall be as indicated by the qualification record on +h. 
err sa eS iy 

That is essentially the recommended requirement, 
not perfect. It will require an approval agency as 
Army Specification 2-104B. It does define lubricants + 
terms of what they will do, not what they are made of , 
what arbitrary laboratory tests they will pass. It opens 
does not close — the door to development work. [t w 
improved and much of that improvement must come fror 
members of the industry in the form of better defini: 
of gears to be used, loads and torques anticipated, and 
real effort to develop laboratory tests which show improy — 
correlation. 
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Steel as a Material 


continued from page 320 


the fastening pads or feet, was separately held 
during heat-treatment by a simple rod tack-welded t 
eet. After accurately assembling and welding th 
ialves together in an assembly fixture, the finished 
ture required but minor straightening. If the sam 
structure had to be heat-treated after welding the 
tion would have been more difficult and costly. 


I 


vantages of this same procedure or solution a1 
apparent in the fabrication of the B-29 bomber nos L 
m Some Concluding Comments 


Our partiality for one material or process may 
selection but it still should not alter recognitiot 


design facts. C. F. Kettering has cited the argun 
he would see in use an all-steel airplane before 
aluminum automobile. It is believed that this argut 
was based on faith in engineers and their understanaing 
that each material and process has its proper applicat 
Furthermore, with ingenious design low-alloy steel pré 
many favorable characteristics that should awaken 
interest in steel. However, the probability for 
selection of any one type of material best to satisf 
tionally defined design problems for most auto, | 
other structures is beyond an engineer’s concept 

Some of the competitive practices on marketing 
priced material should serve as a lesson for the st 
industry. Their selection often follows reconsideration a! 
reconception of design, which is an excellent proc 
displacing any material. Steel material purveyors 
have been tonnage-minded and less constructiv: 
should seriously consider adopting the redesign 
Yesterday’s selections may be no more secure th 
of the next progressive purveyor. 

Don’t we need more examples to help educat 
and others? Most reconceived-design proves si! 
more economical, so much such research is 
Those just related illustrate how important 
operation may become in selecting a material or | 
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‘BUURBINE COMPOUNDING 
with the Piston Engine 


by C. F. BACHLE 


Vice-President in Charge of Research 
Continental Aviation & Engineering Corp. 





A COMPOUND engine, consisting of a piston 

ee engine mechanically connected to a turbine, 
with the turbine receiving the piston-engine ex- 
haust, is suggested by Mr. Bachle as a method 
of converting into useful work some of the ex- 
haust-gas energy of both diesel and gasoline 
engines that is usually wasted. 


The combination of a gasoline engine com- 
pound with gas turbine and driven by a pro- 
peller is considered by Mr. Bachle to offer the 
minimum weight of powerplant plus fuel for long- 
range aircraft cruising at 300 mph; for short- 
range cruising at 300 mph, the gas turbine and 
propeller combination is best, with the gas tur- 


bine driven by jet propulsion offering the next 
best possibilities. 


Only when higher speeds become more prac- 
tical, as a result of reduced aircraft drag, does 
Mr. Bachle believe that piston engines may be 
replaced by jet-propulsion turbines. 


THE AUTHOR: C. F. BACHLE (M °32), vice-president 
in charge of research, Continental Aviation & Engineering 
Corp., has been with that company since 1927 — shortly after 
graduating from the University of Michigan. Mr. Bachle has 
been active in the development of all Continental aircraft 
engines, and is responsible for much of the original work in 
the application of aircraft engines to tanks. He was 1942 
vice-president of the SAE Alurcraft-Engine Activity 








N°" HERE is there such great reward for powerplants 
efhciency as in aircraft. It is certain that in the 
ld, aircraft transportation will be on a world 
1 basis with long flights using a high per 
osable load for fuel. Because in global 
is fuel must be transported to remote bases by 
g and or sea, a reduction in fuel consumption by the aircraft 
cases, represent a double saving in operating 
camining the present-day aircraft powerplant 
ssibilities of reducing fuel consumption, th 
rg energy in the exhaust gas, which results 
nt expansion ratio, is conspicuous. The 
of the most efficient mechanisms for con 
exhaust energy into mechanical work. It is the 
to consider combination of the turbine with 
1al-combustion engine as a means of utilizing 
energy. 
liesel and the gasoline engine have a high 
energy available in the exhaust gas, some of 
be converted into useful work with the tech 
levices which are well developed today. The 
harger, used on aircraft as a means of improv 
performance, is credited with an impressive 
This application of the turbine has given 
iable operation and, as a result, the possibilities 
ige in many fields have been re-examined. In 


s presented at the SAE War Engineering — Annual 
Jan. 10, 1945.] 





addition to this an impressive turbosupercharger record has 
been built up in the diesel-engine field. 

The common use of the turbosupercharger is to supply 
the aircraft engine with intake air at sea-level pressure and 
thus maintain sea-level power at altitude. Under this con 
dition the full power capabilities of the turbine are not 
utilized, since the exhaust gas has excess energy over that 
required for air compression. This excess energy can 
be used to provide increased power and reduced fuel 
consumption, 

The compound engine referred to in this paper is com 
posed of a piston engine mechanically connected to a 


turbine and with the turbine receiving the piston-engin 


exhaust. Fig. 1 is a schematic diagram of a simple arrang 
ment of this type ol compound engine. Some ot the 
sae CI ee ae | — f 1: : 
variables which will affect the choice of turbine operating 


liti ll |} I ed 
conditions Will be examined. 


Fig. 2 18 a pressure volume d igram oO an internal 
ombustion engine with additions made to represent tl 
turbine work when operating from exhaust-gas energy 
This energy is made available 


ential which entails losses in the piston engine, but the re 1 


through a pressure differ 


a distinct net gain in output shown in Fig. as net turbine 


work. The same result might be obtained by expanding 


the exhaust in a second cylinder, however, this method of 
utilizing the exhaust was 1S outside the scope of this paper 


There is a further gain in net turbine work when th 


engine 1S operate 1 at iltitude in spite of the ncrea 1 
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m Fig. | — Schematic 
diagram of com 
pound engine 


TURBINE 


WASTE GATE 





compressor work, and this gain is only limited by difh 
culties in design of turbines tor high expansion ratio and 
compressors and heat exchangers for high compression 
ratios. 

The the exhaust gas received by the 
turbine is represented by various expansion lines, and here 
too, full advantage of the energy possibilities are imprac 
tical because of present design and metallurgical limita 
tions. In any 1600 F is the present practical limit, 
while 1900 F is a distinct possibility in the immediate 
future. In cases where it is necessary to control exhaust-gas 
temperature it is entirely practical to provide a heat ex 
changer before the turbine and use the energy for airplane 
wing heating or cabin heating. 

The total exhaust power available without regard for 
the losses which occur in the piston engine is shown in 
Fig. 3. There are several factors which will determine how 
the chief of 


which is the stress in the exhaust pipe connecting the 


temperature of 


case, 


much of this exhaust energy may be used, 
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PRESSURE 
LBS. PER SQ. IN. ABS. 


RELATIVE 


VOLUME 





engine cylinders to the turbine. With caretul shrou 
conduct cold the heated surfaces, a met 
exhaust-gas temperature differential of about 300 | 

expected, which might bring the exhaust-pipe metal 
about 1600 F. At this temperature the metal has 

strength to permit fairly high stress from the 
differential, however, 
prevent 


air over 


a 


pressu 
expansion joints must be use 
from thermal expansion. lth 
expansion joints are difficult to make leaktight and dura 
fairly satisfactory life has been obtained in present air 
turbosupercharger systems which operate with a pres 
differential of about 18 psi. Improvements of thes 

sion joints are in prospect which it is believed will raise 1 
permissible pressure differential 
any increase in weight. 


overstress 


to about 30 psi with 
If a pressure differential of 23 ps 
is selected, then the exhaust power available in the exha 
is 47% of the piston-engine output at 20,000 ft and, with 
the same differential, about 33% at sea level. These figur 
do not make allowance for the loss in output due to ‘! 





RELATIVE VOLUME 


a Fig. 2-—Pressure- 
volume diagram for 
compound engine 
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| exhaust back pressure on the piston engine. Some 
exhaust energy must be utilized (Fig. 2) to supply 
sses in the piston engine due to increased pumping 
cases where there is a supercharger, to supply 

eased supercharger power. 
g. 4 is an estimate of the thermal efficiency which 
cht be expected from a compound engine under various 
ns of operation. The results are for minimum 
tion mixtures and cruising conditions generally. 
nplies a low engine speed and high output to obtain 
best mechanical efficiency, and it is assumed that 
supercharger ratio and attercooling is provided to 
1in constant piston-engine imep at all altitudes. The 
rbine eficiency and compressor efficiency assumptions of 
ind 73%, respectively, are considered conservative. The 
point indicated at 14 in Fig. 4 shows a thermal 
ency of at 20,000 ft, which compares 
31% with an uncompounded 
Che take-off power thermal efficiency point B or C 
presented fairly in Fig. 4, since the calculation is 
mixtures: however, correction to other mixtures 
ughly inversely proportional to the mixture strength. 
he effect of compounding on power is purposely omitted, 
re is a wide choice of variables, chief of which is 
pressor air intercooling or aftercooling, which have 
effects on the results. 


41% at cruise 
a thermal efficiency ot 


1 
eth 
e tne 


The increase in power is 

the same order or somewhat greater than the 

nge of thermal efficiency and, under some conditions, a 

tion of thermal efficiency may be accompanied by an 
1 compound-engine power. 


rally of 


sults so far have been with an assumed turbine 
f 70%. In the light of present knowledge this 
rably under the maximum possible for an impulse 
Fig. 5, which shows typical turbine efficiency 
tics, is plotted with velocity ratio as the abscissa. 
ity ratio is an important concept in turbin« 
e and in applying the turbine to the piston 
ng he velocity ratio is defined as follows: 


Velocity at pitch line of turbine buckets, fps 


Absolute velocity of gas leaving nozzle box, fps 
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The velocity of the gas leaving the turbine nozzle 1s 
expressed by: 


Ke 
Y= \ o9| —~—| rr.|1 ( “ ) , 
K 1 rs : 
where 
‘4 Back pressure at turbine exhaust, psi (absolute 
P, = Gas pressure ahead of turbine nozzle box, psi (absolut« 


7. = Temperature ahead of turbine nozzle box, F 

K = Average ratio of specific heats for exhaust gas ove! 
temperature range through nozzle 

R = Gas constant 

The narrow turbine speed range over which good efh 
ciencies may be obtained is a limitation which is most 
difficult to reconcile with the piston-engine performance. 
For maximum cruise efficiency the engine and propeller 
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POINT A CRUISE WITH 23 PSi DIFFERENTIAL 

POINT B TAKE-OFF WITH 23 PS! DIFFERENTIAL 
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| 066 FUEL-AIR RATIO 3 


73% COMPRESSOR EFFICIENCY 
2 70% TURBINE EFFICIENCY. 4 


1600 °F EXHAUST GAS TEMPERATURE 


s Fig. 4-—- Compound-engine thermal efficiency 
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cruise speed condition is probably 
for the strength of present materia] 


too hict i=) 


lal 
—t- -- 4 is another limfation of too hig 
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>» WNict 
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1 
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speed 

range. The compound-engine theited 
“Se ficiency is best when the exhaust pressure 
differential is held constant with varying 
altitude, as shown by comparing point p 

in Fig. 4 with point C. The selection of - 
turbine speed, however, is not subject ; 


wT 


r best ef 

ficiency over the speed range from cruis 

: to take-off, variable ratio drive between thy 

70 turbine and the engine should be provided 
— so that the velocity ratio is kept in the ef 

cient range for this condition of operatio; h, 

In addition to the speed problem 


“TF 


} there 

| is a problem of nozzle area, as indicated 

TTT above, which should vary in proportion | ’ 
| | | the power output of the piston engine. T 
+ B 23 PSI nozzle is like an orifice so that the pressur 

= drop varies sharply as the exhaust floy 

changes. The simplest method of pressur 

7 control is by means of a waste gate which : 


so 


| passes some of the exhaust gas to the atmos 
| | a phere without passing through the turbi 
but this, of course, is wasteful of energy 





30 35 40 45 


. 50 38 
VELOCITY RATIO “No 


60 Another method is to use a variable-ar 
nozzle. It is not difficult to design a turb 


POINT A 20000 FT CRUISE , TURBINE TIP SPEED 900 FPS having a two-section nozzle box, one sect 


POINT B TAKE-OFF , SEA LEVEL , TURBINE TIP SPEED 1500 


FPS 


of which may be closed off during 
POINT C TAKE-OFF, SEA LEVEL, SAME PRESSURE RATIO AS IN A : 


POINT 0 TAKE-OFF, SEA LEVEL, FIXED AREA NOZZLE DETERMINED BY A output operation, but there is som¢ 
POINTS B.C AND D ARE WITH CRUISE AT 6 TAKE-OFF SPEED. 


acl 


POINTS B.C’ AND D’ ARE WITH CRUISE AT .7? TAKE-OFF SPEED in efficiency when operating on one nozzk 


m Fig. 5—Turbine characteristics 


box only. A still further method of handling 
the nozzle area problem is to feed the « 





speed is commonly chosen at 0.6 take-off speed. A point 4 
is sown in Fig. 5 for an assumed cruising condition at 
20,000-ft altitude with 23-psi pressure differential between 
inside and outside the exhaust manifold and 70% turbine 
efficiency, and another point B representing take-off at sea 
level with the same inside-outside, 


gine exhaust to two turbines in parallel. | 
arrangement would use one turbine under cruising con 
ditions and two at take-off. 
If the compromises of fixed-speed ratio between the 
turbine and piston engine are undesirable, two principal 
methods of providing variable speed ratio may be used 





exhaust-manifold pressure differ 
ential. Under these conditions the 
take-off turbine efficiency also falls 
at 70%. An improvement in tur 
bine efficiency can be effected if the 
exhaust manifold is built to with- 
stand take-off pressure differentials 


greater than that chosen for altitude CONS TAN 
cruise. Points C and D are for con- 
stant pressure ratio and fixed-area F< 
nozzle, respectively, and the exhaust 


pressure differential is indicated at 


SPECIFIC. FUEL CONSUMPTION 
LBS: PER BHP HOUR 


the points. A much more favorable 
condition for the turbine is obtained 
if the cruise-speed take-off speed 
ratio is chosen at 0.7 instead of 0.6, 
as in the foregoing. In this case LINE 
as ane LINE 
the points C’ and D”’ are near the 
efficient turbine operating range and, LINE 
LINE 
obviously, it would be advantageous 
ms § LINE 
to move the cruise point 4 to a 


more efficient velocity ratio with a 
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BRAKE HORSEPOWER 


A UNCOUMPOUNDED ENGINE WITH TURBOSUPERCHARGER AT SEA LEVEL 

B COMPOUND ENGINE AT SEA LEVEL WITH INFINITELY VARIABLE AREA NOZZLE 
LINE C COMPOUND ENGINE AT SEA LEVEL WITH FIXED NOZZLE AREA. 

D COMPOUND ENGINE AT 20000 FT WITH INFINITELY VARIABLE AREA NOZZLE 

E COMPOUND ENGINE AT SEA LEVEL WITH DIVIDED NOZZLE BOX. 

F COMPOUND ENGINE AT 20000 FT WITH FIXED NOZZLE AREA 


m Fig. 6— Performance plotted against output 
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condition. There is a decrease in 


fuel consumpwuon at all points tor 
the compound engine over the un 
compounded engine; however, con 
siderable sacrifice in iuel consump 
tion is shown at take-off over the 








[E] PISTON ENGINE 





maximum possible reduction if a 
variable-area nozzle is not provided. 
It is clear that some increase in com 
plication 1S justihed in order to ob 
tain the maximum possible take-off 
power even if the tuel consumption 
at this output is unimportant. Laine 
E shows what can be expected at 
take-off if a two-position variable 
area nozzle is used. 





COMPRESSOR 








VARIABLE SPEED DRIVE 


Fig. 7 shows some possible at 
ow wwe t=) / 
TURBINE A. rangements ot the engine and tur 


3 bine. Obviously, the engine may be 











a Fig. 7—Compound engines with various compressor and turbine combinations 


(y) an inline or radial type, and the 
| 
advantages of compounding will be 


fully realized in both types. Prob- 





Iw three ratio gear ratios, such as are now used for 
supercharger drives, may be used in the drive between 
and the turbine. Another method is to use a 
coupling between the engine crankshaft and the 
This device has the additional advantage of 
g the turbine from the crankshaft vibration but has 
lvantage of increasing oil heat loss. In most cases, 
excessive hydraulic coupling heat loss can be 

| by careful selection of ratios. 
believed that there are many applications of the 
ne compound engine which can advantageously be 
without variable-speed turbine drive. In this case 
some restriction of piston-engine speed range (cruise-speed, 
ke-off speed ratio 0.7) would represent a moderate sacri- 
piston-engine efficiency and considerable improve 
ment in turbine efficiency at cruising with the same take-off 

turbine efficiency. 

Fig. 6 gives a comparison of performance of a piston 
engine with and without turbine compounding which may 
be expected under assumed conditions as follows: 

I. Cruise at 20,000 ft. 

2. 8o0-hp cruise uncompounded and same imep on pis 
ton engine when compounded. 

3. Ratio cruise to take-off speed 0.6. 

4. Turbine efficiency 70% at all points. 

5. Compressor efficiency 73% at all points. 
<haust-gas temperature, 1600 F. 

Differential exhaust pressure — atmospheric pressure, 


22 Ds! 


Y 
t 


intercooling — no aftercooling. 

‘he output of the gasoline engine is controlled largely 
¥ detonation conditions and this, in turn, is largely a 
of imep and fuel knock rating. For this reason 
parison of the standard versus compound engine is 
he same imep on the piston engine. 

of Fig. 6 is representative of good aircraft per 
> at sea level, while line B is for the same engine 
ine compounding. Line D compares with line B 
hat the altitude is 20,000 ft for D. Line C shows 
ted performance with fixed-area nozzle when the 
lesign is selected for maximum performance at 


+ 


20,000-ft altitude and the nozzle area fixed by this 


f 
, 
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ably type C represents the most 
acceptable compromise of all factors for most applica 
tions, while type 1 would be used where minimum fuel 
consumption over the widest range of operating conditions 
is required. This arrangement is essentially the common 
turbosupercharger engine type with another turbine directly 
connected to the engine. This permits placing the two 
turbines in series, which gives the maximum efhiciency at 
high altitude. 

In all arrangements where the air compressor is between 
the turbine and engine, torque is being received by the 
anti-propeller end of the crankshaft instead of torque 
leaving from this end for the compressor drive. This may 
have a beneficial effect on crankshaft stress. 

] is arranged to use the exhaust energy for jet thrust, in 
which case, all the exhaust would be permitted to bypass 
the turbine and be discharged at approximately sonic 
velocity. This will result in efficient utilization of the 
exhaust energy at the highest airplane speeds, while at 
lower speeds the combined turbine and propeller efficiency 
is in the region of twice the efficiency of the jet. 

Fig. 8 shows diagrammatically an arrangement which is 
particularly adapted to the radial engine. In this case 
individual exhaust pipes are led to a divided nozzle box 
which is arranged in such a way that there is no overlap 
between exhaust cycles on those cylinders which connect 
to a common segment of the nozzle box. On a 9-cy] radial 
engine, for example, cylinders spaced at 120 deg on the 
crankcase would connect to a manifold discharging to the 
turbine wheel through a nozzle box segment of 120 deg. 
There is some increase in weight with this system but there 
is a definite advantage in that the pumping loss on the 
scavenge stroke can be greatly reduced. In addition, some 
extra scavenging effects are claimed for this system due to 
ram effects from the individual exhaust pipes. This is 
known as the Buchi system, and the Elliott Co. of 
Jeannette, Pa., has applied the principle to various diese] 
engines using a turbosupercharger which they manufacture. 
In any case, if the common nozzle box is used, the advan- 
tage in thermal efficiency shown in Fig. 4 will be obtained 
and, with the divided exhaust, there is some prospect that 
these figures can be bettered. 
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A review of some prominent powerplant types now in 
use Or in prospect is given in Table 1 and is shown as a 
means of evaluating the performance of the piston-engine 
turbine compound against other types of powerplants. 
These data are representative of best practice today and 
are, of course, subject to improvement as development 
continues. The column “engine efficiency” is intended to 
show how well the engines utilize the thermal possibilities 
of the cycle on which they operate. It is evident that the 
steam powerplant and diesel engine are near the ultimate 
for their type, while the present gas turbine leaves room for 
development to give better utilization of the cycle poten- 
tialities. The weight-power ratios are based on the power- 
plant cruising under its most economical condition and do 
not evaluate aircraft operating factors. The powerplant 
weights are based on an installed engine with accessories 
such as heat exchangers, exhaust systems, and propellers. 
The gas turbine data are based on rough estimates, since 
there are no published data on the weights of aircraft 
versions of this type of powerplant. From these data it is 
clear that the turbines are about one-third the weight of the 
piston-engine types when compared on a cruising power 
basis and, if it were not for the poor fuel consumption, the 
gas turbine probably would have replaced the internal- 
combustion engine in recent years. The expansion ratio 
and temperature at the peak of the cycle and at the exhaust 
are included for interest only. The steam turbine is in 
cluded for comparison with the gas turbine and shows up 
to best advantage because of the large heat-exchanger sur- 
faces employed and, of course, would be entirely too heavy 
for aircraft. 

Table 2 gives the results of powerplant thrust efficiencies 
when using the various types of powerplants at 300 mph 
and at 550 mph. The comparison of 300 and 550 mph is 


a Fig. 8 — Radial 
gine compounded 


based on aircraft ot equal drag at the speeds indicated 
This means that the power required at 550 mph is 8! 


greater than for 300 mph and, for this reason, the pistor 
engines have greater weight in the higher speed airplane 
It is assumed that the piston engines use minimum con 
sumption mixtures in all cases and the same imep for cruise 
output. The high-speed airplane is probably impossible 
except for special purposes, such as short-range fighters, 
since most of the load-carrying ability of the airplane wil! 
be used in transporting the powerplant. It is useful, how 
ever, to indicate the goal which may be achieved as prog 
ress is made in airframe design. No attempt is made tc 
evaluate the take-off penalties for the jet-propulsion en 
gines, but it must be emphasized that assisted take-off of 
some kind will be required for comparable performance 
As the aircraft drag is reduced by better streamlining, the 
possibility of economical use of higher cruising speed 
improves. With present aircraft limitations cruising speeds 
higher than 300 mph for transport aircraft are probably 
impractical. Many assumptions have been made in the 
estimates of Table 2, but it is believed that the following 
conclusions from these data can be justified over a con 
siderable range of assumption variation: 

1. The gasoline piston engine compound with turbine 
offers the minimum fuel consumption powerplant for long 
range aircraft cruising at 300 mph. 


2. The various powerplants may be rated as follows for 
minimum weight of powerplant plus fuel for long range 
at 300 mph; (1) gasoline piston engine, compound anc 
propeller, (2) diesel and propeller, (3) gasoline pisto 
engine and propeller, (4) turbine and propeller, (5) j¢' 
propulsion. 

3. For short-range cruising at 300 mph the lightes 
powerplant plus fuel arrangements are: (1) turbine an 





Table 1 — Engine Performance Comparison 


Ratio of Powerplant 





Temperature, F Cruise at Weight to Power at 
Thermal Efficiency Expansion —-— —_——- - Engine % Take-Off —_——-——-—— -- 
Engine Type at Cruise, % Ratio Peak Exhaust Efficiency, % Power Cruise Take-Off 

Gasoline piston engine® 31 6.5:1 4500 1600 71 50 3.4 1 
Gasoline piston engine compound 40 28:1 4500 1300 78 50 3.0 1 5 
Diesel 40 12:1 4500 1000 82 65 3.9 2.5 
Gas turbine for jet propulsion 16 4.5:1 1400 900 56 85 0.51 
Gas turbine with propeller 16 4.5:1 1400 900 56 85 1.1 0.9 
High-temperature gas turbine® 38 4:1 1800 1100 67 85 1.3 1 
Steam turbine « 34 1450:1 1000 90 84 - - 

® With turbosupercharger. 

> With regeneration. 

¢ Overall electric power generation plant. 
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Table 2 - Aircraft-Engine Combined Performance 


300-Mile Trip at 300 Mphe 3000-Mile Trip at 300 Mphe 
Efficiency, % inane 
Type of - — ---— — Fuel Consumption, Total Weight, Fuel Consumption, Total Weight,° 
Ergine Type Propulsion Propulsion Thrust ib per trip per thp ib per trip per thp ib per trip per thp ib per trip per thp 

Gasoline pist gine Propeller 83 25.7 0.64 4.7 6.4 10.5 
Gasoline pist jine compound Propeller 83 33.2 0.50 4.1 5.0 8.6 
ee Propeller 83 33.2 0.50 5.2 5.0 9.7 
Gas turbine Jet 40 6.4 2.59 3.3 25.9 26.5 
Gas turbine Propeller 83 13.3 1,24 2.8 12.4 14.0 
300-Mile Trip at 550 Mphe 3000-Mile Trip at 550 Mphe 

Gasoline pist gine Propeller 52 16.1 3.30 6.9 3.0 9.5 
Gasoline piston engine compound Propeller 52 20.8 0.24 5.9 2.4 8.1 
Diese Propeller 52 20.8 0.24 7.8 2.4 9.9 
Gas turbine Jet 64 10.3 0.48 0.9 4.8 5.2 
Gas turbine Propeller 52 8.3 0.59 3.1 5.9 8.4 

Equal airplane drag assumed for both speeds. This means that the 550-mph plane requires 83% more power than the 300-mph plane. 


Weight of powerplant plus weight of fuel. 


2) jet propulsion, (3) gasoline piston engine 
ind propeller, (4) gasoline piston engine and 
diesel and propeller. 


4. When higher speeds become more practical as a result 
of reduced aircraft drag, piston engines may be replaced by 
jet-propulsion turbines 





) Cold Starting 


continued from page 340 


in cold engine starting. The experts will tell u 
nce between using kerosene and some other com 
ves for this purpose, is about $3 a gal in favor of the 

yurse, gasoline is used in airplane-engine starting with 
at it will boil out quickly and return the oil to its original 
he kerosene lasts longer but not indefinitely and if used 
a winter it may be necessary to add kerosene from time 

commercial additives remain in the solution indefi 
er thing, some engine rusting has been traced to using 
nl for dilution, thus cleaning off the engine surfaces, 

n did not appear when using some other additives. 
room for additional light on this subject. It may be 
ympanies are taking the same road as vehicle manufac 
eled before them, when they procrastinated on addin; 
until it was established as an accessory improvement 
ure. There are many examples of such public demand 
st of items all the way from the self-starters of years 
hcient car and truck heaters which are just now in the 
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Hinter Operation Stated as Needing 
More Satisfactory Battery Location 
— AUSTIN M. WOLF 


Automotive Consultant 


My" TIN'S paper is very timely to impress on engine manufac 
t desirability of making provision for cold-starting 
rder that theirseffectiveness might be greater than if 
ipted to engines in which no previous thought had been 
r incorporation. Furthermore, better crankcase jacketing 
ich will also vive added cooling in summer. 
ymbustion engine is primarily a heat engine and, 
he conglomeration of adverse variables, it is a wonder 
be started at all under extreme conditions. Numerous 
ve been made in the past, starting with the Packard 
through the various developments tested at Camp Shilo 
n Army Ordnance equipment. In all these instances, as 
Caterpillar diesel-engine starter in the form of a small 
1¢, heat is applied in various manners to improve start- 
electric current is readily available, the electric immersion 
desirable, in view of the neat and compact installation 
view of the low efficiency of the cold battery, its heating 
nportant and it is possible that the gasoline stove, heater, 
th a water-jacketed battery cradle, a jacket on the crank- 
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case sump and with the waste flue heat utilized to the maximum 
ossible for under-hood heat would bring this type of heater into 
consideration in view of its greater economy over the electrical t 


With forethought for its incorporation and with safety in mind, a 


gas heater appears very feasible 

Battery location must be given further thought. In some of the 
light truck installations, simulating passenger-car practice, the location 
under the hood results in overheating in summer, but would be ideal 
for winter work. The ordinary location, while desirable for summer 
conditions, presents a problem in winter. The battery manufacturers 
might well spend some thought on how they might provide either 
inbuilt or readily attachable winter provisions. The temperature ran 


from extreme summer to extreme winter is too great for one layout 
to give satisfactory results at all times This is true of the engine 
compartment, where, in winter, it is desirable to retard the cooling 


down of the engine by proper enclosure and insulation of the engine 
compartment. The winter-front, while a step in the right direction, 
does not cover the problem. The engine compartment in summer 
wust be provided with maximum possib] penings, and the truck 
manufacturer could well provide an accessory kit for the necessary 
conversion of a ventilated summer engine compartment to an insu 
ated winter c 

As to weather, I do not believe that the number of days of 32 F 
and below are of as much moment as the number of days of critically 
low temperatures of F or below when, in many instances, in view ol 
the condition of the truck, starting is not possible under extreme cold 
The abuse of the outfit under these conditions, even if infrequent, is 
far more damaging than the starts on many days when the tempera 
ture ranges from 10 to 15 F. 

The tests are particularly interesting in view of the use of truck 
purchased in 1934. Too many findings and recommendations are 
based on tests utilizing relatively new equipment and the results are 
misleading. In order to complete the picture, it will be interesting to 
have Mr. Gohn advise on the condition of the engine such as the 
compression in the various cylinders at normal room temperature a 
at o F, if possible, the piston-cylinder wear, valve stem wear, vali 
seat effectiveness, and so on. 

The case for the use of light oil is proved, as is the proper use of 
the choke and throttle. When it is considered how small a portion of 
the fuel is used during the choking process that will vaporize and 
produce explosions in the combustion chamber, and realizing the 
resultant flooding, maintenance costs are bound to rise. I consider it 
a good investment to obtain preheating equipment to overcome the 
various difficulties in cold starting so ably brought out by Mr. Gohn, 
since the sooner the engine starts, the less costly becomes our 
maintenance. 


artment 
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HIS paper deals with importance of fuels in 
connection with the future development of en- 
gines for higher power and greater efficiency. 


Described here are investigations made on the 
effect of molecular structure on fue! knocking 
characteristics. These studies have lead to the 
discovery and manufacture of tank car quantities 
of an outstanding paraffin hydrocarbon known as 
triptane. This fuel is capable of increasing 
enormously the permissible output of engines with 
a high degree of supercharge and is also cap- 
able of permitting the attainment of higher effi- 
ciencies through the use of higher compression 
ratios. The commercial development of such 
fuels opens up new possibilities for the gasoline 
engine in the future. 
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I’ gives me considerable pleasure to discuss the important 
-< subject of fuels in relation to the internal-combustion en- 
gine. It happens that just about 26 years ago—in 1919- 
I presented two papers on this same subject before this 
Society, describing the results of our investigations made 
during the last war at our Research Laboratories, then 
located in Dayton, Ohio, and these indicated the impor- 
tance of fuel in relation to engine efficiency. Today we 
can look back over a great deal of progress that has been 
made during the last 25 years in both fuels and in engines 
and we can look ahead and see possibilities for still greater 
progress in the future. 


One of the biggest problems before us in the years to 
come is that of developing an economic environment in 
which there are job opportunities for everyone who wants 
to work. This is something that is closer to the engineer 
than most of us realize and because it is so important I 
want to stress this point by saying a few words about the 
size of our industry in relation to our society as a whole. 

Today, we have two great industries in this country: 
petroleum refining and internal-combustion engine manu- 
facturing. These two industries provide the power which 
motivates all our automotive, aircraft, and a large part of 
our marine equipment. These two industries taken to- 
gether with the service, supply, and consuming industries 
that are directly or indirectly dependent upon them pro- 
vide somewhere around 15% of our total useful employ- 
ment, and everyone today is in someway dependent upon 
the services rendered by these industries. 


Looking at it purely from the standpoint of power, the 
total installed horsepower in our automobile engines alone, 
rated at only 50 hp each, just before the war was 30 times 
that of all our central power generating stations. The 
central station installed power was at that time a little 
over 50,000,000 hp. During the present war the horse- 


[This paper was presented at the SAE War Engineerine-Annual 
] 


Meeting, Detroit, Jan. 11, 194 


1See Minutes of Proceedings of =e! Institution of Civil 
ol. 69, 1882, pp. 220-250 + (disc. 
Gas Engine,” by Dugz gald Clerk 
2 See SAE Journal, Vol. 4, April, 1919, pp. 263-269: ‘More Efficient 
Utilization of Fuel,” by C. F. 
3See SAE Journal, Vol. 5, September, 1919, pp. 197-2 oe 
ment by Mr. Kettering.” 


251-307: ‘“*The theory of the 


Kettering 


4See SAI Journal, Vol. 7, December, 1920, pp. 489-497 disc. ) 
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FUELS an 


for Higher Power anger 


power of the airplane engines produced in a single mon 
in the United States is ro times that produced at B 
Dam. The installed capacity at Boulder Dam is equivalen: 
to about 1,300,000 hp. 


In order to produce such large amounts of power we 
have to burn large quantities of fuel and that is wher 
we get around to the point of our discussion. Th 
troleum industry is now producing in this country 
4,000,000 bbl of crude oil per day and about one- 
this amount is converted into gasoline or fuel oil for us 
in internal-combustion engines of one kind or anot! 
The demand of military aviation alone takes over 
bbl of 100-octane-number gasoline each day, and th 


+ 


struction of plant facilities to produce this large output 
aviation gasoline has been one of 
achievements of this war. 


the great product 
As engineers we are naturally concerned about the 
ciency with which we use such tremendous amounts 
fuel and I think one of our most important engineering 
problems today is the problem of getting more efficies 
out of our engines. It is essential for ‘both the engi! 
maker and the fuel refiner to recognize that each has an 
individual responsibility in supplying to his industry th 
best that science affords. For this reason I think it is nex 
sary to emphasize the desirability of getting together « 
common meeting ground, such as is provided by the F 
and Lubricants Activity of the Society of Automot 
Engineers, to discuss these problems. ’ 


@ Historical Development 


In thinking about this matter of engine efficiency 
is the efficiency with which we convert the heat energy ‘ 
the fuel into brake horsepower on the shaft —I would | 
to take you back for just a moment to a paper that 
given by Sir Dugald Clerk before the Institution of Ci 
Engineers, in London, 63 years ago.! At that time & 
subject of what kind of an engine was the best was ' 
much alive, just as it is today, and this paper of | As 
considerable historic interest to the pach % 
the actual thermal efficiencies of three types 0! 
which had been used up to that time. The figures 
he gave are probably about the best available representing 
that period — around 1882 - and are as follows: 
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Mea 
Name of The 
Engine Description of Cycle Effici 
1. Lenoir Intake-combustion-expansion- 


exhaust with no compression 
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eater Efficiency 


Intake and compression in one 


cylinder, followed by combus- 

tion in an adjoining reservoir 

and expansion in a_ second 

cylinder 7.3 
Intake-compression -combustion 

expansion-exhaust, all in the 

same cylinder 18.0 


back on these early tests it is interesting to 
ich of these three types of engine which were 
ideration in those early days has a modern 
which has engaged considerable attention in 
wart. 
m of jet propulsion used in the German robot 
is an adaptation of the early Lenoir cycle in 


- is no compression, and it is of correspondingly 
rmal efficiency. 
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‘nt-day gas turbine is an adaptation of the old 
le in which heat is added to the compressed air 
compressor and the expansion element. The 
this cycle was intermediate between that of the 


| that of the Otto cycle. This is still true today 


ycle efficiency is limited, for one thing, by the 
which metals will stand in continuous opera- 
t failure. 

cycle, of course, is widely used today. It is 
o note, however, that back in 1882 we had no 


lustries built up around the internal-combustion 


en 
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WO 


; th 
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| it took considerable courage to predict, as Clerk 


gines working on the Otto cycle were destined 


important place in the generation of power. In 


rds, stated 63 years ago, “the time would come 
ies, railways, and ships would be driven by gas 


1s efficient as any steam engine and much safer 
economical of fuel.” 
tion this because the fulfillment of Clerk’s predic- 


we have seen from the figures I just gave, is just 
lustration of how important an influence engi- 


elopments have on our entire economic struc- 
a few years ago there was nothing, we now 


at industry which supports a large percentage of 
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ion and greatly enhances our whole standard of 
-ourse, the internal-combustion engine has been 


sisted in this development by simultaneous im- 
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in the rubber tire, alloy steels, petroleum prod- 
| 


ther components of automotive transportation. 


ction and distribution methods, together with 
ighways, have also had an important part in 
ment. 
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m Compression — The Key to Efficiency 


In this same paper Clerk reached another very significant 
conclusion which has exerted an important influence on 
internal-combustion engine design ever since, namely, that 
the key to higher efficiency is summed up in the one word 
“compression.” That was a very important principle. 
However, there was one important limitation to the attain 
ment of higher efficiencies in the Otto-cycle engine by this 
means, which was not appreciated until somewhat later 
on. This limitation was the tendency of fuels to knock or 
to “preignite,” as it was called in the early days. This was 
a problem that was not clearly understood until almost 40 
years later when the results of the investigations, begun in 
1913 in our Research Laboratories, were presented before 
this Society in 1919 and in 1920.” * 4 

Because the Otto cycle permitted the use of compression 
in convenient mechanical form, the internal-combustion 
engine has developed over the years largely around this 
type of cycle. There have been two main lines of approach 
to the ultimate objective — namely, the highest practicable 
brake thermal efficiency. I like to picture this situation as 
shown in Fig. 1. 

Starting with energy originally derived from the sun 
and stored in the form of crude oil or coal, we can process 
the crude oil or coal either to make gasoline or diesel fuel. 
In making gasoline we aim for the highest octane number. 
In making diesel fue! we aim for the highest cetane num 
ber that is practicable. Whichever way we go we are 
aiming for a fuel that will operate satisfactorily in a high 
compression engine, and both routes ultimately lead to 
engines having about the same brake thermal efficiency. 
The only difference is that at the present time the gasoline 
engine can be operated at somewhat higher speeds than the 
diesel. 

In addition to the diesel and gasoline engines, there are 
two other types of engine which have received considerable 
attention in recent years. These are the spark-ignition, 
fuel-injection engine, which is more familiarly known as 
the Hesselman engine, and the gas turbine and jet propul 
sion systems. These engines aim to avoid the limitations 
imposed by fuel-ignition characteristics but in doing so 
they run up against other problems which thus far have 
limited their application, although as fast as these diff 
culties can be overcome, their application may be expected 
to increase. 

If we confine our attention now to reciprocating engines, 
I think it is generally accepted that the ultimate compres 
sion ratio for either type of engine from the purely mechan 
ical standpoint might be in the range between 1o:1 and 
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POWER 


DIESEL ENGINE 


FUEL - 60 CETANE NO. 
EFF. 25-38% 
BHP/CU IN. 0.25- -0.5 






AVIATION ENGINE 
FUEL 100 OCT. NO. 
EFF. 20.30% 


<—BHP/CU. IN. 0.6-1.0 


AUTOMOTIVE ENGINE 
f, FUEL 70-80 OCT. NO. 
EFF. 20 


- 30% 
BHP/CU. IN. 0.35-0.45 


CRUDE 
OIL 


= Fig. | — Oil refining and engine design —engine of highest effi- 
ciency approaching 40-45%, 
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Although small gains in efficiency are obtainable at 
still higher compression ratios, the gains are not believed 
to be commensurate with the structural problems involved 
in handling the higher explosion pressures. Current diesel 
engines, of course, do employ higher compression ratios. 
But this is only because they are forced to do so by limita- 
tions in the ignition quality of present diesel fuels. If we 
could get diesel fuels higher in cetane number by 40 to 50 
numbers at an economic price, I think that compression 
ratios in diesel engines would tend to come down, with 
a negligible loss in efficiency but with tangible gains 
from the standpoint of engine weight and combustion 
smoothness. 

Some of the larger diesel engines of today are operating 
in the range of 0.35 to 0.37 lb of fuel per bhp-hr, which 
corresponds to a brake thermal efficiency of 37 to 39% 
Improvement in efficiency beyond this point is not very 
likely in engines of present design, in the light of present 
knowledge, although it is possible that something may be 
done in this direction by reducing heat losses to the jacket 
or by utilization of waste heat. 

In the diesel engine, therefore, we appear to be near the 
ultimate limit in efficiency for the reciprocating engine as 
we know it today. The greatest possibilities of gains in 
diesel engines seem to be in the direction of higher specific 
power outputs at current levels in efficiency and engine 


weight. 


Molecular Structure and Knock 


Turning our attention to the conventional spark-ignition 
gasoline engine which supplies the bulk of our power for 
automotive and aircraft equipment, we find that the ten- 


5 See Industrial & Engineering Chemistry, Vol 
pp. 849-851: “Application of Chemistry to the Conservation of Motor 
Fuels,” by Thomas Midgley, Jr., and T. A. Boyd. 

®See Industrial & Engineering Chemistry, Vol. 
pp. 26-29: “Detonation Characteristics of Some Paraffin Hydrocarbons,” 
by W. G. Lovell, J. M. Campbell, and T. A. Boyd. 

7 See Industrial & Engineering Chemistry, Vol. 23, May. 1931, pp 
555-558: ‘‘Detonation Characteristics of Some Aliphatic Olefin Hydro- 
carbons,”” by W. G. Lovell, J. M. Campbell, and T. A. Boyd. 
®See Industrial & Engineering Chemistry, Vol. 25, October, 1933, 

1107-1110: “‘Knocking Characteristics of Naphthene Hydrocarbons,” 


. 14, September, 1922, 


23, January, 1931, 


pp 


hy W. G. Lovell, J. M. Campbell, and T. A. Boyd. 

® See Industrial & Engineering Chemistry, Vol. 26, May. 1934, pp. 
475-479: “Knocking Characteristics of Aromatic Hydrocarbons,” by 
W. G. Lovell, J. M. Campbell, F. K. Signaigo, and T. A. Boyd 


10 See Industrial & Engineering Chemistry, Vol. 
op. 1105-1108: 
Lovell, 


26, October, 1934, 
“Knocking Characteristics of Hydrocarbons,” by W. G. 
J. M. Campbell, and T. A. Boyd. 
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dency of the fuel to knock has always been an impor, we 


barrier to higher efficiency and higher power out; re 


itputs, 
To give a little of the history of this sul 

just about the time battery ignition and 

were introduced, people became conscious of ; 


ty IN Igr2 


*Y12, 


selt starter 


mbustion 

disturbance which we call knock. It was perfectly natural 
for motor-car manufacturers and users to blame engine gi 
knocking on the new type of ignition. This ci "umstance a 
caused us, then at the Delco Co., to undertake a study of opi 
knock; and ever since that time as a part of General Motors a 
research activity, we have been experimenting with the ; 
relationship between fuels, ignition, and engines. We have 
done this as builders of engines and equipment because w 
fully realized that it was the combination of engines and : 
fuels and not either one of them alone that develops usefu| . 
power. We have always considered the fuel to be as muc! 
a part of the engine as the pistons or the valves, and o; 
cannot work either with fuel or engines without taking 
the other into account. 

In the early phases of this research, when we were trying 
to analyze the problem, we knew that both fuel and vn 
engines were involved, and so we tried first to find t 
what part belonged to each. We soon discovered that xt 
any given type of engine, its production of power and it : 
efficiency were dependent on the extent to which the fue! 
used was free from knock. At that time the commor 
method of grading all fuels was according to specific 
gravity or its equivalent, expressed in degrees Baumé, and 
it was regarded as an axiom that the higher the density 
the more the fuel would knock. Certain of the earl) 
experiments which were made in our laboratory indicated 8 


that this was not necessarily so. In this early work we 
found that the knocking characteristics of fuel depended 
to a large extent upon molecular structure. We also dis 
covered that by the addition of compounds, such as aniline 
and tetraethyl lead to the gasoline, knock could be pre 
vented and the output of internal-combustion engines could 
be increased without changing the molecular structure 
the fuel.4;5 From this work it became evident that the 
problem had two factors which are important. The first 
is that the specific molecular structure of the fuel great! 
influences the performance, and the second, that material 
can be added to fuel of any given structure and thereby 
affect the knocking tendency in cither direction, according 
to whether the added substance is an “antiknock” 
pound or a “proknock” compound. 

Additional research on fuels carried out during 
1920's further emphasized the importance of 
structure.® 7 89 In this work we studied the 
knocking’ characteristics of the individual membe: 
paraffin, olefin, naphthene, and aromatic hydrocarbon fam 
ilies, as well as alcohol, ketones, esters, and so on. Although 
we can’t review all of this work here, I just want to pr 
sent one chart which shows the very important effect o! 
molecular structure among the heptanes of different m 
lecular structure as an example. 

This is shown in Fig. 2. The 7 carbon atoms and 1° 
hydrogen atoms in the heptane molecule may be arrange¢ 
in nine different ways to produce nine different compounds 
which have very similar physical characteristics. A'! nine 
of these compounds have been made and tested for knock 
ing tendency, although data on only five of them are 
shown in this figure. The molecular structures are shown 
by conventional structural formulas along the bottom of 
Fig. 2, and above each one is represented its critical com 
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the compression ratio which can be used 
when the engine uses that hydrocarbon as 
, set of standardized conditions. These indi- 
ssion ratios cannot be exceeded without the 
-nock, and if they are exceeded very much, 
the engine results. 
hree things to be seen from this chart. First, 
rly regular increase in the critical compression 
ructure of the individual molecule of heptane 
closely centralized or highly branched. The 
‘damental reason for this difference in the way hydro- 
chai ferent structures burn is not yet thoroughly 
even though it has been, and still is, the basis 
ount of research. Incidentally, the difference 
eats of combustion of the heptanes is less than 
A nd important fact revealed by the chart is 
wn by the dotted line which gives the increase in critical 
moression ratio obtained by the addition of tetraethyl 
The freer from knock the hydrocarbon is of itself, in 
t not always, the more effective lead is in mak- 
tter. The third and most important fact to be 
eal | from the chart is the wide range of compression 
stios covered. Iso-octane itself (2,2,4-trimethylpentane), 
vhich is rated at 100 octane number and which is used as 
or evaluating present 100-octane aviation fuels, is 
t half way up the scale under the particular con 
presented by this chart. Among the 
ptanes, then, there is at least one 
| that by itself is greatly superior to 


tel per gal was nearly three times as great as that obtained 
with iso-octane (100 octane number) without lead and 
about eight times that estimated with 60-octane-number 
gasoline. Although the absolute values given in this figure 
apply only to the conditions of this test and cannot be 
applied directly to other engines and other conditions, the 
order of magnitude of the differences is believed to be 
significant, and this has been substantiated by subsequent 
tests in other engines and under other conditions, as will 
be reported later on. 

From a practical point of view we might consider this 
to mean that a fuel has two important qualities: first, its 
energy content, which may be measured by its heat of 
combustion, and second, its freedom from detonation ten 
dency. The latter quality determines whether or not the 
fuel can be burned at high outputs without destroying the 
engine. 

For example, we might build an aircraft engine to 
operate on normal heptane, that is, the hydrocarbon having 
seven carbon atoms in a straight chain, as shown in Fig. 2. 
After we had worked out a satisfactory compression ratio 
and ignition timing we might get 200-300 hp. If we tried 
to exceed this power by raising the compression ratie or by 
supercharging we would cause mechanical failure of the 
engine, due to detonation. 

If we keep the same piston displacement and design for 
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THIS. INSTRUMENTATION 
number. 
a Triptane ag Ee 
The most pronounced effect of structure is 15 | 
the behavior of 2,2,3-trimethyl bu- 
, or triptane. This was first shown by 14 4 
ngine tests made in 19268 and later in 1930.1° 
These tests indicated that triptane was one of iT 
best fuels known from the standpoint of i" GENERAL MOTORS SINGLE-CYLINDER ; 
liom from knock. It was so good in fact fo) VARIABLE-COMPRESSION ENGINE ! 
vhen treated with tetraethyl lead, it was — /® p<: el wo 
r above 100 octane number and it was even = eae ee aoe dee ‘ = 
nd the capacity of some of the early equips | !! jaa ea | iz 
nt to make it knock. re) ! 
T remarkable property of  triptane — D 10 4 
ely, its comparative freedom from knock — lw 
be utilized in either of two different ways. = 9 7 
raising the compression ratio it may be = ri 
ito get higher efficiency; or by increasing 8 }—— 1 
egree of supercharging at lower compres t -_ 
ratios, it may be used to produce higher _— | Ed 
itputs. © | re ee 
S conception of the magnitude of the = a Se ad — | 
rease in power that can be obtained through © SO mu reTRaETi LEAD // 
harging is shown in Fig. 3. This figure 6 Vv | | 
the knock-limited power obtained from 
supercharged single-cylinder engine | 
sing several fuels under certain specified * | ; 
ngine conditions. In this figure the knock- vinta 
imited power obtained with 1oo-octane-num- 3) ~| 
*r Tuel is represented in the lower portion of eB 
hart as about 120 psi, imep. The power 2 
) with triptane is represented as 180 ¢ $c OS ¢ ce a Gc cece cee cee 
ind triptane plus 3.0 cc tel per gal is ¢ _* a. 2. Ge 
M psi, imep. Thus, under the particu- g § € . . . . . : 
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‘ concitions of this test, the knock-limited 
ined with triptane with 3.0 cc of 


TRIPTANE 130-OC TAME 


m Fig. 2—Knocking characteristics of the heptanes 
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m Fig. 3— Performance of fuels 





triptane, which has almost exactly the same energy content 
as normal heptane, pound for pound, we will find that by 
raising the compression ratio and supercharging we can get 
somewhere between 2000 and 3000 hp. In other words, 
although normal heptane and triptane have about the same 
energy content, they differ by 1o to 1 in their capacity to 
produce power in a conventional spark- ignition engine 
because of their difference in knocking tendency. 


m History of Triptane 


The history of trimethyl butane, or triptane'? is interest- 
ing because it is characteristic of the development of. so 
many new things. It was first prepared and reported in the 
literature by Chavanne, a Belgian chemist, in 1922.1" A 
few years later it was again made in the laboratories of the 
Ethyl Corp.’* and was first tested in an engine in 1926® 
incidental to the molecular structure investigations in the 
General Motors Research Laboratories. This was when 
triptane was first found to be an outstanding fuel com- 
ponent. 

In 1938, 2 gal of triptane was prepared by the Ethyl 
Corp. and tested in a supercharged engine. As a result of 
these tests Wright Field became interested in obtaining 


_ . ° . . > 

11 The name “triptane” was suggested by George Calingaert in 1943 
This name was coined from the words trimethyl and heptane, which 
occur in the chemical terminology. See Industrial & Enginecring 
Chemistry, Vol. 35, October, 1943, adv. pp. 5-6. 

12 See Bulletin-— Société Chimique de Belgique, Vol. 31, 1922, pp 
98-102: “*Un nouvel heptane: le triméthylisopropy 
Chavanne and B. LeJeune 

13 See Journal of the American Chemical Society, Vol. 51, May, 1929, 
pp. 1483-1491: “Preparation and Properties of Isomeric Heptanes. Part 


I. Preparation,” by Graham Edgar, George Calingaert, and R. E. 
Marker. 
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enough for test in a full-scale, multicyling 
Dow Chemical Co. then prepared a batch of 
for the Ethyl Corp. at a cost of about $35 
rather laborious laboratory Grignard reaction 
magnesium. The final full-scale engine test 
out at Wright Field in 1941 and we underst 
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and that it wag 
found to be superior to any other fuel tested up to sha 
time. apie 

Up to this point triptane had suffered from the lims 
tion that it could not be made cheaply and qua _ 


For experimental use in an extensive engii 
gram considerable quantities were needed. Obyi 
order to have triptane available in quantity a 
price for experimental use, it was necessary to have 


. ive a be 

method for making it, and in order to evaluate jt as 

specific fuel component, it was also necessary to have } 
reasonably pure. ‘ 


Following a long series of researches in the Ge: 
Motors Research Laboratories it was found 
triptane could be made by another process whi 
involve the use of critical materials. The specifi 
of this process cannot be disclosed at this time because o} 
secrecy orders. However, information about the proces 
may be obtained by anyone who has proper gow rnment CG 
authorization to receive such information for 
prosecution of the war, and when it is possible we will 
pleased to make samples available. 

It was decided to use this method to make a large-sc 
sample of triptane, several tank cars in amount. Th 
ticular reaction used in this process is now cons 
definitely out of date, but its temporary use was dictated 
purely by expediency and must be regarded in the same 
light as machining experimental crankshafts from 
billets of steel. After progressing through laboratory ce 
opment and a small-scale pilot plant, a larger scale plant t 
make up to 5 or 10 bbl of triptane a day was built. Th 
was done with the approval and assistance of the War 
Department and the Army Air Forces. This plant was 
completed in late 1943, and by January, 1944, had been in 
operation producing triptane in somewhat better t! 
expected yields and with a purity of about 99°%. A phot 
graph of this plant is shown in Fig. 4. 

The construction and initial operation of this plant ha 
been no easy task, and I want to take this opportunity t 
credit the men connected with this project for a difficult 
job well done and to express our appreciation to all thos 
outside organizations which have contributed to the succes 
of this project. I hope that before very long we can mai 
public acknowledgment of the great contributions w! 
these organizations have made. 


thar 
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m Evaluation of Triptane 


Vith this sample, it is hoped to be able to obtain en 
data to evaluate in a thoroughly comprehensiv: 
the possibilities of triptane as a fuel, both pure an 
with other fuels, and including work on actual flig 
in airplanes. Such tests are now being made in a vari 
of single-cylinder and multicylinder engines by the Arm| 
Air Forces utilizing the output of this experimental 
These tests have already demonstrated the © 
gains that can be made with the right kind of fuel-engin 
combination. The magnitude of such gains depen:s Uf 
the particular engine and conditions of operatio W . 
triptane containing added tetraethyl lead at high © 
pressures, the gains have 


} 


amounted to as much 
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« Fig. 4— Experimental triptane plant 


wer obtainable with 100-octane-number gaso- 


a e. | high compression ratios to get better efficiency, 
: reducti n specific fuel consumption as much as 25% 
he ‘btained. However, under less favorable engine 
conditions, the gains may be very much less than those 
mentior This circumstance again emphasizes the fact 
that the production of power is both a fuel and an engine 
proble 
' Fig. 5 shows data obtained on a specific, and probably 


reasonably representative, single-cylinder engine in the 
General Motors Research Laboratories. 
A 12-cyl Allison airplane engine has been operated on a 
1d of triptane in 100-octane gasoline at an output 
f well over 2500 hp, although the rated take-off horse- 
ower with 100-octane aviation gasoline is only about 


[he use of triptane in this way is primarily related to the 
evelopment of maximum power. This is because the 
maximum power that can be obtained from an engine 
ving a given expansion ratio is determined fundamen- 

by the amount of fuel and air that can be charged 
the engine. As mentioned before, another advantage 
of fuels having a high degree of freedom from knock, such 
iptane, lies in using them to produce more work per 
tuel or higher thermodynamic efficiency, by the 

gher compression ratios. 


lies are under way to evaluate the commercial possi- 
triptane and related compounds. The present 
cost of triptane is relatively high as compared 
er fuels of somewhat lower antiknock quality. In 
an engine development program is under way to 
t may be done with engines and their applications 
s uses, once the barrier of knock has been removed 
important degree. 


B Intelligent Fuel Utilization 
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tt 


jective is to find the best combination of engine 
to give the greatest value per total dollar, irre- 
what form the engine may take. This phase of 
n is how best to design future engines to take 
of the greater fuel possibilities. The important 
get the most out of the fuel by suitable process- 
g point of manufacture, and then by burning it in 
e designed and operated so as to utilize it to the 
tage. As to what type of engine to build, it 
1atter fundamentally whether it be gasoline or 
ycle or 4-cycle; carburetor or fuel injection; 
g or nonreciprocating; so long as the overall 
ire right. Engines are all made out of metal 
;, and what we want to do is to put in as much 
tter as possible. When that is done we get the 
he cheapest power out of a pound of fuel. 


4 


The combustion chamber is the place where the fuel 
and the engine meet, and the mechanism of what occurs 
there is what we are trying to utilize to best advantage. 
The future development of automobile, aircraft, and diesel 
engines will depend upon how well people in positions of 
management, as well as engineers and chemists, understand 
the fundamentals of the relationship between fuels and 
engines. I think that we have just begun to open up this 
field within the last few years. We have yet a long way to 
go in engine design and in the manufacture of good fuels 
at low cost. 

We are studying fuels from the standpoint of the engine 
builder and not as fuel producers. We carry on similar 
investigations in metallurgy, fabrics, in rubber, and in 
many other materials which we use in the automobile 
business. We do this so that we may know the practical 
limitations of the material we use and not ask our sup- 
pliers to do’ things which are outside of the bounds of 
technical and commercial practicability. It also helps us 
determine the road which our future researches should take 
because what may be technically and commercially imprac- 
tical today may be easily made an everyday product in the 
not too distant tomorrow. 
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m Fig. 5—Knock-limited power curves for triptane 
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ECENT successes with the use of water injec- 
4 tion for increasing the power of aircraft en- 
gines have renewed interest in what is really an 


old idea. 


Although early tests were made with the in- 
jection of water alone, it now appears that the 
injection of alcohol or a mixture of alcohol and 
water gives superior results in many cases. 


POPUUALUDULUDUDALUAL ADELA AMA cL 


CVANOTEEDEL VOU EAULAET ESCALATE 


Basing their predictions on the results of an 
extensive testing program, the authors of this 
paper feel that alcohol-water injection has a 
field of use in both aircraft and ground-vehicle 
engines, where it can give more power and 
smoother operation, with a fuel of about 12 oc- 
tane numbers less than the normal engine re- = 
quirement. 
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HE injection of water as an internal coolant is old in the 

art. The subject has received renewed interest because 
of its successful use on aircraft engines recently. Remark 
able bursts of power have been gained for take-off and 
during flight, proving beyond question the value of an 
injected coolant, particularly in supercharged engines. 

Recent tests have indicated that alcohol or alcohol-water 
injection is superior to water in many cases. Our tests 
indicate that 100% alcohol is more effective than alcohol- 
water, but the latter is less expensive and quite satisfactory. 
The use of alcohol-water is not intended or expected to be 
a substitute for antiknock quality in the fuel itself, but to 
supplement it and get maximum performance. The effects 
produced by alcohol-water injection are not fully under- 
stood, but are probably a combination of the high latent 
heat of vaporization (water: 970 Btu per lb, gasoline: 150 
Btu, ethyl alcohol: 367, methyl alcohol: 473, 50-50 ethyl 
alcohol and water: 675 Btu) and some function of specific 
heat. Rich mixtures have commonly been used for their 
cooling effect, but are uneconomical. Under severe con- 
ditions, cooling of pistons, valves, plugs, cylinder deposits, 
and the cylinder head itself, suppresses detonation and 
preignition, allowing higher power outputs. 

So far as is known, any alcohol can be used. Extensive 
tests have been made with ethyl alcohol (C2H;OH), and 


[This paper was presented at the SAE War Engineering-Annual 
Meeting, Detroit, Jan. 8, 1945; at a meeting of the Philadelphia Sec- 
tion of the SAE, Philadelphia, Feb. 14, 1945: and at a meetine of the 
Metropolitan Section of the SAE, New York Citv, March 1, 1945.] 





some with methyl alcohol (CH30OH) and isopropy 
(C3H;OH). 
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The alcohols supply Btu’s to the 


Charge 


(about 12,000 Btu’s per lb), which are not supplied by 
water, and they also supply some oxygen. Further, alcoh 
is miscible with water and lowers the freezing point app, 
ciably (50-50 solution alcohol and water, —25 F), 
Engine deposits are much softer and more easily removed 
when antidetonant injection is used under variable |oa 
On long, full-throttle runs, some engines were remarkabj 


clean. 


It is the purpose of this paper to present the following : 
data on antidetonant injection for ground vehicles . | 


I 


> 


> 
p) 


. Recent test data, including wear, corrosion, engin 


. The theory. 


. Some history. 


S 


cleanliness, and mineral deposits. 

4. A simple, automatic antidetonant injection device ‘or 
ground vehicles, including cost of operation. 

5. The possible field of use. 

This paper deals with water-alcohol as an antidetonant 
injection, and does not cover alcohol as a primary fuel 

It is realized that additional equipment is needed or 
vehicle for antidetonant injection, and that the supply 


must be attended to, just as in the case of gasoline. How 





ever, there are some operations where the advantages ar 
being recognized at the present time, and there is consider 
able general interest in the subject. 


= Theory 


Every student of the internal-combustion engine is aware 
of the importance of combustion control for good perforn 
ance and satisfactory life. Several factors are involved 
this study, among which are rate of burning, rate of pres 
sure rise, and temperature of the charge during combu: 


tion. 


Recent developments indicate that much can 


accomplished in the control of these variables by the int 
duction of certain internal coolants with the charge, at t 
proper time and in the correct quantity. Alex Taub ha 
studied combustion for many years, and writes as follows 


“Internal cooling lowers the final temperature and clin 
inates detonation. Many experimenters who have pho 
graphed the movement of the flame front have writte! 
about the sensitivity of the flame front movement to vat) 
ing temperature conditions inside the combustion chamber 
Thus, we have seen the flame front greatly speeded up 4 
it passes over the exhaust valve and retarded as it passts 
over the intake valve. It is likewise speeded up as it passe 
over the hot center of the piston. The side walls of the 
combustion chamber actually appear to drag back the flame 
front as it absorbs the heat. For this reason the flame front 
proceeds as the sharp point of an egg instead of a spher' 
The effect of any cooling agent upon detonation is classift¢ 


} 


by thinking of the process of combustion in stages. [aking 
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an average passenger-Car engine, stage one 1s 
the gas pressure at this stage 1s compression 
round 150 psi. The second stage is when the 
iveled about one-third the distance; the gas 
ress the unburned portion then is about 230 psi. 
I stage is when the flame front has moved two- 
ad ‘hirds of the way across the combustion chamber; the gas 
the unburned one-third being 350 psi. From 
on, what happens depends on the temperature 
vas to burn. This gas, if in the hot area, would 
, detonate with very little more flame movement. 
® I‘ this last gas is in a cool area, or has had the benefit of a 
nedium, or its temperature is held down by the 
and the work going on in vaporizing a cooling 
hen, obviously, the flame front completes the 
thout self-ignition taking plaee in this last gas, 

' nd thus there is no detonation.” 
ermining the best cooling medium, when cooling 
it is natural to conclude that for this 
rpose the best coolant would be the one having the 
nt heat of vaporization —the required *heat to 
ze the liquid to a gaseous state — to be extracted from 
ir, or combustible mixture. The values for this prop 
rty of the various liquids discussed in this paper are given 


s considered, 


helow in Btu’s: 
Ws ter 970 
ethyl Alcohol 173 
Ett , Alcoue 367 
Blen nd of Alcohol, 50%, and Water, 50% 675 
Gasoline 135 to 150 


It is not conclusive, however, that latent heat of vaporiza- 


the only factor involved. 
Alcohol, when used alone as a motor fuel, has an octane 
ting of 90 to 100, but tends to have a higher value when 
ed as a blending agent. Most of our work has been with 
speci ial blends of the various types of alcohols injected with 
the cc nineties mixture, using them only when required 
s hy the engine. Results indicate that burning characteristics 
the charge are altered, reducing the rate of pressure rise, 
lowering peak values, and fattening the indicator diagram. 
ne bmep thus developed is, therefore, greater because the 
pressure points on the diagram are in a more 
| ‘Vantageous position relative to the crank throw, whereas 
higher peak pressure may be so placed that the force 
to the crank is less effective in producing torque. 
sel will reduce the degree of pressure rise and 
“ pressure (primary cause of detonation), but will con- 
little toward fattening the diagram. However, if a 
ing fuel, such as alcohol, is used as an anti- 
nstead of or with water, the peak pressure will 
a greater number of degrees past top center and 


ciacram will have a flatter top, fattening the diagram 
g : the expansion side. 


Mansion 
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At higher speeds, volumetric efficiency is decreased and 
turbulence increased, lowering the octane requirement ol 
the engine. However, at the speed of maximum torque 
and slightly above that speed, maximum detonation and 
shock take place. This range, therefore, will require the 
maximum amount of internal coolant injection. Beyond 
this range, the quantity can be reduced or entirely cut off. 
(A device for automatic control will be explained later in 
the paper.) 

In truck service, however, where engines are operated at 
a continuous high power factor and at relatively high 
speeds, even though there is no audible detonation, it 
might be found desirable to continue to inject alcohol 
water coolant beyond maximum detonating range to pre 
vent preignition. 

When an engine is run on gasoline of the proper octane 
number, there should be very little benefit derived from 
the use of internal coolant injection. Best results are 
realized when there is a difference of approximately ro to 
15 octane numbers between the engine requirement and the 
fuel. The use of alcohol-water injection allows the use of 
lower octane fuel than that normally required by the 
engine, or allows the octane rating of the 
raised for greater economy and performance. 


engine to be 


An important factor having to do with engine life and 
maintenance expense is engine roughness caused primarily 
by high pressure rise during the combustion process. This 
is the condition which knocks out bearings and causes 
fatigue of engine parts, and is, therefore, more injurious 
than detonation. Aircraft fighter pilots have 
reported smoother engine performance with alcohol-water 
injection. Almost every driver of an automobile is con 
scious of how much smoother and more powerful his 
engine seems during foggy weather. What is actually 
taking place is moderate water injection, giving some shock 
control. Tests to be reported later in this paper show water 
injection to be beneficial in providing increased power and 
a smoother engine, but not equal to that which water plus 
alcohol or alcohol alone produces 

Quoting Alex Taub again: 

“Injecting 20% alcohol-water mixture (50-50) may cer 
tainly be good for 1 to 114 additional compression ratio 
T am certain that 20% straight alcohol would do the trick. 

“A special combustion chamber, incorporating all we 
know of shock control by design, should be combined with 
a higher compression ratio for this mixture. This would 
give returns in fuel consumption and performance with no 
additional punishment of the engine. 


moderate 


“Wear occurs mainly when engines are cool: that is why 
we have more wear during part throttle than full throttk 
“If alcohol-water is iniected during the ‘hot’ period, there 
will be little likelihood of bringing about cvlinder-bore 


wear — assuming the alcohol is more corrosive. which it is 
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not. Ili alcohol-water is injected under hot conditions, it 
should be completely vaporized, and thus not be respon- 
sible tor corrgsion. 

We must remember that one gallon of water results from 
the combustion of every gallon of gasoline and, hence, 
water vapor is already present in the cylinder. 

Higher compression ratios have ordinarily required addi- 
tion of weight to the lower part of the engine. The method 
of shock control by coolant injection may be a means of 
increasing compression ratio without adding weight to the 
engine. 


m History 


Surprisingly few published data are available, even 
though tests date back to work done before 1900 by Benki 
in Hungary. Additional records show that Hopkinson, 
England, 1913; King, U. S. A., 1914; Schipper, U. S. A., 
1917; Barger, U. S. A., 1938; Kuhring, U. S. A., 1938; and 
NACA Laboratories have all made contributions. 

There is, of course, much confidential work being done 
in connection with the military aircraft program. 

According to Bertram Hopkinson:! 

“The overheating of certain parts of the inner surface (of 
the combustion chamber), whose temperature, as pointed 
out, is much above that of the water, is apt to cause pre- 
ignition of the charge, especially if deposits of carbon or 
tar are formed. Such deposits, on a surface already over- 
heated, may, owing to their poor conducting power, easily 
reach a temperature sufficient to fire the charge before the 
proper time. 

“The idea of introducing water into an internal-combus- 
tion engine is not new. It is a common practice in oil 
engines to introduce water along with the oil im order to 
enable the compression to be raised, and water has been 
sprayed into gas engines for the purpose of preventing 
preignition. 

“The reduction in maximum pressure, under these cir- 
cumstances, by water injection, is over 100 psi, and the 
effect is very marked, the explosion becoming almost in- 
audible. This effect of the pressure of steam forced into 
an engine cooled in this manner is so large that it consti- 
tutes a substantial advantage of the method. It will be 
noticed that the formation of the steam does not involve 
any thermodynamic loss, such as occurs when water is 
sprayed into the cylinder in an atomized condition and 
evaporated before reaching the walls, since the heat used is 
that which would otherwise be wasted in the jacket water. 

“Indicator diagrams taken in this long trial and a com- 
parison of these with similar ones taken from the jacketed 
engine, show that the reduction in maximum pressure is 
counterbalanced by a slightly raised expansion line. The 
pressure is better sustained, partly by the formation of the 
steam and partly by the reduced loss of heat, with the result 
that the diagram is fatter and less ‘peaky’.” 

According to E. L. Barger and J. L. Gale:? 

“A Hercules OOC power unit was used with four cyl- 


inders, L-head, 4-in. bore, 44%-in. stroke, and a compression 
ratio of 2.90:1. 


1See Proceedings of the Institution of Mechanical Engineers, July, 
1913, pp. 679-695 + (dise.) 696-715: “A New Method of Cooling Gas 
Engines,” by Bertram Hopkinson. 

2See Agricultur 


il Engineering, Vol. 19, February, 1938, pp. 67-7¢ 

“Distillate as a Tractor Fuel,” by E. L. Barger and J. T.. Gale 
3 See Canadian Journal of Research, Vol. 16, August, 1938 (Section 
A), pp. 149-176: “Water and Water-Alcohol Injection in a Super- 


charged Jaguar Aircraft Engine.” by M. S. Kuhring 
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“A McCormick-Deering power unit was a 
four cylinders, 4/2-in. bore, 5-in. stroke, and a compress; " 
ratio of 4.1:1. 

“Hercules spark advance: 

With water injection 

Without water injection rf 
“McCormick-Deering spark advance: 

With water injection 

Without water injection 


490 USEC wit 


T 
Veg 


) 


16 ~ 2 

“The tests with water injection in the Hercules eng; 
might be summed up as follows: For low-octane fuels 
high distillation range, the maximum safe sustained Joa 
could not be increased because sufficient water to lim: 
detonation could not be injected without dropping th. 
load. However, for a low-octane fuel with a low distillario, 
range, the maximum safe load was increased 42.5% and as 
much as 28% without appreciable sacrifice of therm 
efficiency. 

“Medium-octane fuels (23-30 distillate) responded fairly 
well to water injection, showing a useful power increas 
24.6% and 10%, respectively. 

“The use of water increases the thermal efficiency 
distillate only when operating at such a load that detona 
tion (without water injection) would have an inter 
greater than medium.” 

According to M. S. Kuhring:* 

“Tests have been carried out in order to determine the 
effect of water injection on the operation of a full-scale 
aircraft engine. A Jaguar Mark IV supercharged aircraft 
engine was used and quantities of water as great as $3 
per 100 lb of fuel were injected. Use of water permit 
large gains in power without increase in cylinder temper 
ture and apparent detonation. An increase of appr 
mately 90 bhp was obtained. 

“Quite appreciable cooling of the air-fuel charge 
noted. The specific fuel consumption remained the 
es slightly better with injection. From the results it 
appear that alcohol does not improve the operation « 
engine appreciably, although tests were conducted at 
full-rich mixtures.” (Comment: Had lean mixtures | 
used, results and conclusions would have been consider 
different.) 

Another test was conducted by the National Resea 
Laboratory at Ottawa: 





“The engine was a supercharged, Armstrong Sid 
Jaguar Mark IV aircraft engine. 

“Water was fed from the main under citi 
passed through a calibrated orifice plate, and then t! 
a copper tubing into a distance piece between tl 
charger and the carburetor. The distance piece was 
in order to permit the insertion of two small co; 
which were sealed at one end and drilled in such a! 
as to direct fine jets of water at the acorn nut whic! 
the rear end of the supercharger spindle. The water, t 
ing at high speed, was atomized at this point and 
into the supercharger impeller. 

“Forced water injection by an electrically di ge 
pump and 87-octane aviation gasoline were used 

“The specific fuel consumption was slightly | 
water injection up to the point at which the powe! 
off. A constant rate of injection was used throu 
test.” 

As has been pointed out in the literature cit¢ 
ject is quite old. However, we can find nothing 
where this development has been given a sci 
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‘he light of the advance in knowledge of com- 
comena. Much has been learned in recent years 
| structure, combustion-chamber design, air-fuel 
n timing, and temperatures affect the combus- 


mmon knowledge that military aircraft have 
en advantage of the increased power possibil- 
rnal cooling, with exceptional results. 
terest of conserving 100-octane gasoline during 
‘ine tests, an aircraft-engine builder ran a test to 
' whether 87-octane gasoline could be used when 
i injected in proper quantities; the conclusions 
re as follows: 
nes can be operated satisfactorily up to and in- 
ke-off conditions on 87-octane gasoline, provided 
led to the induction charge. 

“9 amount of water necessary to suppress detona 
proximately 20% to 30% of the total liquid 
el plus water by weight). 

thout water addition, the engine can be run up to 


1 
} 


jtely 40 in. of mercury, manifold pressure, on 


SUPPLEMENTARY FLUID 


—o— 100% ALCOHOL 

—e— 50% ALCOHOL 

—*— 30% ALCOHOL 

—tr— WATER 

—t— NO SUPPLEMENTARY FLUID 
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57-octane gasoline without experiencing detonation in low 
supercharger gear (beyond this point it is necessary to 
enrich the mixture or add water to prevent excessive 
temperatures ). 

“4. The general characteristic of adding water to the 
charge is to increase the power with constant manifold 
pressure. If the power is kept constant, the required mani- 
fold pressure decreases. This condition is believed to be 
brought about by the water reducing the charge tempera 
tures, thereby increasing the volumetric efficiency. 


“ 


5. A check on the effect of water addition using 100 
octane gasoline was first investigated. Power was checked 
with 100-octane gasoline at three conditions of high-output 
performance and then the same checks were made adding 
water through the carburetor elbow ahead of the super 
charger. An amount of water equal approximately to 20° 
of the total liquid charge (fuel plus water by weight) was 
added. The effect of the water in each case was to increase 
the power output at constant manifold pressures. 

“6. In general, all curves show clearly that performanc« 
is increased as water is added, up to approximately 25%. 
The manifold temperature is decreased and this results in 
a greater cylinder charge, which accounts for the increas 
in performance.” (Comment: We suspect other factors are 
also responsible for this increased power.) 

“>. It must be stated that engine operation was rough 
when using 87-octane fuel plus water to suppress detona 
tion, whereas when using 100-0ctane fuel, engine perform 
ance is smooth.” (Comment: Our technicians and dyna 


mometer operators from other sources report smoother 
performance when alcohol-water is used in place of plain 
water. ) 


In these tests the power increase for the same degree of 


Or 
detonation, as established by the ear method, taking the 
standard performance as 100%, was found to be 7% for 
the 87-octane gasoline plus 23.8% water with the carbu 


“as ys 
retor set 6.16% leaner than the master curve. Using 100 


octane gasoline, the power was found to be 5.3% 


2 more 
than standard, using a carburetor setting 2.7% 


21.6% of water. The 


rich and 
percentage figures for water used 
are the percentages by weight of the total liquid 


harg¢ 


m Test Results 


A series of tests was conducted, using a 6-cyl passenger 
car engine of 217 cu in. displacement, 6.5:1 compression 
ratio, to determine the relative efficiency of various per 
centages of both alcohol and water from o to 100% in an 
internal coolant best suited for power and economy. The 
fuel used was 64 octane. The curves plotted from thesé 


data are reproduced in Fig. 1, and show that when all 


factors are taken into consideration, the 50° alcohol and 
50% water is the best average combination, particularly at 
the present pric e of alcohol. 

It will be seen that when a mixture of 50° alcohol and 
50% water is used, the percentage o alcohol in the total 
fuel mixture (excluding the water) varies from 54% at 


, 1 , 1 , 
2800 to o% at 800 rpm and the MmMmaxXimumMm vrake thermal 
] 


or 


efciency is 24.4%; the bte curve falling midway in the 


family of curves. 


Using water, the bte curve is lowe 


but this is not necessarily true of all engines, due to d 


differences. The water bte curve is slightly better than 


when no internal coolant was used, due to slightly higher 
power produced when water was injected 


r than the other curves, 
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This figure presents another interesting comparisoy 
showing how much the power of this engine can be jy 
creased when 100% alcohol is injected as an intern, 
coolant. The torque gain is 30.5 ft-lb, or 13%. It will 
noted, however, that the brake thermal efficiency whe 
using alcohol is one percentage point lower than when x 
alcohol is used. 

We must remember that the fuel used is considerabjy 
below the engine requirement in octane value. 

Fig. 3 shows what can be accomplished by alcohol-wate; 
injection in increasing engine power and efficiency. 

A truck engine of 318 cu in. displacement was used ang 
tests were conducted with two compression ratios, 6.4:: 
and 7.25:1. ASTM 79.5-octane gasoline was used. This 
gasoline was selected because the consensus of post-war 
prognostication points toward octane numbers of approxi 
mately this value. 

The full-line curves designate the best performance o 
compression head performance using alcohol-water inj 
tion and lean carburetor setting. 

Alcohol-water injection increased the maximum t 


—— 795 OCTANE GASOLINE 
STANDARD COMPRESSION RATIO 645:! 
STANDARD CARBURETOR JETS 


—_——— 79.5 OCTANE GASOLINE PLUS 
ALCOHOL-WATER 
HIGH COMPRESSION RATIO 7.25:! 




















4% 20} = ) eee oll LEAN CARBURETOR JETS 
ia . 
¢@ io, __} —___ a . 
o | 
fi == Se ee 
800 1200 1600 2000 2400 2800 © 00) - ” 
R.PM. | . 
mn Fig. 2—Comparison of water, alcohe! 50% plus water 50%, 28-200-——--—- -+ 
and alcohol alone as internal coolants - 
< | 
- vi ——__—— 2 8B 
‘The test results shown in Fig. 1 having indicated that a z¢ 
50-50 mixture of alcohol-water is economically best, addi- oa Ze 
tional tests were conducted with a 318 cu in. heavy-duty <u 
truck engine to ascertain the relative merits of three cool- = | 
ing mediums, namely: water alone, alcohol 50% plus water 22—30 
50%, and alcohol alone. 69.8-octane gasoline was used gat 
with a compression ratio of 7.25:1. zus 10 oe a 
The family of torque curves shown in Fig. 2 indicates 33 ¢ 
that water as a knock suppressor is inferior to alcohol or _— aes 
alcohol-water mixture for this engine. -— 
While the brake thermal efficiency curve for water is z 
practically the same as that for alcohol-water, it will be 309 
seen that the power developed at 1200 rpm with water is $ 
g.0 ft-lb lower, or 344%. The spark advance for water is 10-230 Ope zee © 
the same as for alcohol-water, indicating good antiknock 
properties for both mediums except that for the same “ 4 
degree of detonation, roughly 50% more water than a 
alcohol-water was required. The power produced being 8s 
greater for the alcohol-water mixture substantiates the x3 ee 
statement made earlier in the paper that the heating value <° | | 
of alcohol provides a fatter indicator diagram. This is L [= — ei J 
further demonstrated when the 100%-alcohol curves are R.PM.800. 1200. 1600. +2000 + 2400 2600 


compared with those for plain water injection; in this case, 


the gain in torque for alcohol over water is 19 ft-lb, or 
=» a OF, 
. Oo. 


a Fig. 3 — Alcohol-water injection as a means of increasing 
and efficiency 
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265 ft-lb. The brake thermal 












20 — ’ 
improved about two percentage - 
a = ae 2 } m 
25.15 tO 27.25 /0. S of Fs 
,dvance required with alcohol- a = 
n was higher at the low speed, a dl | a 
lower rate of pressure rise. The 
ntidetonant required was 25.5% so— | 
7 decreasing to 16% at 2800 rpm. 
I parison indicates that alcohol w 40} ] 
, t . ag : ‘ ra w 
tion will be of interest with higher 2 5 
particularly with higher compres- = 0+ - z 
. re a 
= . - a _ 4 ; 
Fic, 4 shows what injection of alcohol alone 4 ] . 
hen an extremely low-octane fuel is o | Pr 
ele 10} + —__}- + 1 10} — 
s truck engine with 6.45:1 com | j 
SS 1010. | | | | | 
curves, the dotted lines designate 800 1200 600 2000 2400 2800 3200 800 1200 1600 2000 M00 2800 3200 
rmance and other characteristics RPM. RPM. 


g 51.5-octane gasoline, lean carburetor, and 100‘ ; 
ohol injection. Full lines show the results obtained 
6-octane gasoline. 
torque curves are comparable throughout the speed 
ve and at 1200 rpm, 250 ft-lb are obtained in both cases. 
[he per cent of alcohol required for best borderline 
performance ranged from 22% by weight at low 
peed to 14'0 at 2800 rpm. 
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m Fig. 5—Alcohol-water requirements — left: 1942 Chevrolet; right 


1941 Dodge 


The spark curve with alcohol injection indicates the 
effect of using a low-grade fuel for which the combustion 
chamber was not designed. 

The brake-thermal-efficiency curve shows the low-octane 
fuel plus alcohol inferior to the higher octane fuel. This 
condition could be somewhat improved with alteration in 
combustion-chamber design. It therefore becomes uneco 
nomical to bridge a gap of 24 octane numbers by the use 
of alcohol injection. 

Curves in Fig. 5 show alcohol-water requirements for 
two popular passenger-car engines, using 64-octane gasoline. 

They also demonstrate the desired flow rate of an auto 
matic injection device or dual-fluid carburetor. It will be 
noted that the requirement for an antidetonant peaks 
rather sharply in the mid-speed range, reducing rapidly 
above this point. 

Full-power curves (Fig. 6) of tests on one of these 
engines, a 6-cyl, L-head type, 6.5 compression ratio, with 
different octane fuels, show practically the same power 
output at top speeds for all grades, 64, 72, and 76 octane 
numbers. 

It will be noted that through the maximum-knock and 
maximum-torque speed range (1000 to 2000 rpm) the 
brake thermal efficiency is highest for the 76-octane gaso 
line and quite low in comparison for the 64 octane number 
We can conclude from these curves, considering bte, torque, 
and spark advance as important in selecting the best fuel, 
that at least 76-octane gasoline is required by this pas 
senger-car engine if an internal coolant is not used. 

It has been common practice to enrich the carburetor to 
reduce detonation and provide for a degree of internal 
cooling. From a thermal efficiency standpoint, this is not 
good practice, as will be shown by an analysis of Fig. 7. 
A compression ratio of -7.25:1 and 79.5-octane gasoline were 
used. The dotted lines designate the standard mixture and 
the full lines show the rich carburetor setting. The degree 
of enrichment, as shown in Fig. 7, was 17% at 800, 26.5% 


at 1600 and 20.7% at 2800 rpm. 


The torque curves show only a difference of 2 to 3 ft-lb’s 
gain for the rich mixture with a maximum brake thermal 
efficiency of 21.6% for the rich mixture as against 26.8% 
for the standard. 


Fig. 8 is a comparison of results on a 7.25:1 compression 
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m Fig. 6—Performance with three grades of gasoline using no 
internal coolant (6.5 compression ratio, passenger-car engine} 


2800 


ratio engine, between 79.5-octane fuel (rich mixture) and 
69.8-octane tue] (lean mixture) with alcohol-water varied 
between 20% and 30% through the speed range. Power 
and spark advance are about the same. 

The spread between brake-thermal-efficiency curves 
(26.3% versus 21.6%) demonstrates that internal cooling 
with overrich mixtures will be uneconomical. It is, how- 
ever, the simplest method, since no additional accessories 
are needed for the fuel system. 

Fig. 9 is a family of curves for 7.25:1 compression ratio, 
presented to show the performance of three grades of gaso 
line used in this investigation: 69.8, 75.6, and 79.5. It will 
be seen that in every respect, power, brake thermal efh- 
ciency, and spark characteristics. the higher octane gasoline 
is best. 

This test was run using the standard carburetor setting. 
A fuel higher than 79.5-octane gasoline was not available, 
and probably still further improvement would have ensued, 
had a test been made with such fuel. 

Fig. 10 is presented to show that 69.8-octane gasoline 
alone with a lean carburetor setting is unsuited for this 
7.25:1 compression-ratio engine. The spark advance is 
quite short, which indicates such a rapid pressure rise that 
the power output is greatly reduced and detonation is 
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induced. At the point of medium torque and 


Jetonatiog 
(1200 rpm), the spark setting for borderline detonation jg * 
at o deg advance, while for 79.5-octane gasoline, rr deg jy 
required. , 

The bte with the 69.8-octane gasoline for best economy 
is considerably higher than for 79.5 for best power, Thy 
difference between these two curves is the gain that is had 
when alcohol-water is added to the 69.8-octane gasoline u 


This will be seen by reference to Fig. 11. 

In Fig. 11 alcohol-water injection has been added 
69.8-octane fuel of Fig. 10. The dotted curves designy 
69.8-octane gasoline plus alcohol-weater and the lines. 
79.5-octane gasoline. It will be seen from an examination 
of these curves that there is not a great deal of differen 
Since performance is about equal, we conclude that th 
alcohol-water is responsible for approximately 
numbers at 1200 rpm. Alcohol-water at this point 
28% of the total fuel. 

Fig. 12 shows curves covering the use of 69.8-octane 
gasoline plus alcohol-water injection and 79.5-octan 
line, using 7.25:1 compression ratio, and the standard car 
buretor setting. As far as power is concerned, this tes 
shows that the addition of an internal coolant to the | 
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Table 1 — Compilation of Tests Conducted during This 
Investigation Using a White Model 120A 6-Cyl 
Engine of 318 Cu In. Displacement and 
374-In. Bore by 414-In. Stroke 


Com- Car- Fuei Bmep q% Bmep % 
pression buretor Octane Internal 1200 =Internal 2800 = Interral 
Ratio Setting Number Coolant Rom Coolant Rpm Coolant 
6.45:1 Lean 51.5 None 104.8 0 87.8 0 
6.45:1 Lean 51.5 Alcohol-water 115.5 24.37 96.5 16.68 
6.45:1 Lear 51.5 Alcohol 118.4 20.5 98.7 13.94 
6.45:1 Standard 51.5 None 108.8 0 94.4 0 
6.45:1 Standard 51.5 Water 110.4 20.4 94.9 11.88 
6.45:1 Lean 69.8 None 111.9 0 92.5 0 
6.45:1 Lean 69.8 Alcohol-water 121.1 22.1 96.8 11,44 
6.45:1 Lean 69.8 Alcohol 121.8 22.46 99.1 15.47 
6.45:1 Standard 69.8 None 116.9 0 97.7 0 
6.45:1 Standard 69.8 None 115.9 0 96.8 0 
6.45:1 Standard 69.8 None 116.9 0 97.2 0 
6.45:1 Standard 69.8 None 116.2 0 97.2 0 
6.45:1 Standard 69.8 None 115.7 0 97.2 0 
6.45:1 Standard 69.8 Water 117.6 20.3 97.2 8.89 
6.45:1 Standard 69.8 Water 116.3 23.0 97.2 12.23 
6.45:1 Standard 69.8  Alcohol-water 120.5 16.41 98.7 10.46 
6.45:1 Rich 69.8 None 116.9 0 98.2 0 
6.45:1 Standard 75.6 Nore 118.3 0 101.2 0 
6.45:1 Standard 75.6 None 117.3 0 97.5 0 
6.45:1 Standard 79.5 None 120.5 0 97.7 0 
7.25:1 Lean 69.8 None 107.6 0 96.3 0 
7.25:1 Lean 69.8 Alcohol-water 124.2 27.4 103.8 11,75 
7.25:1 Standard 69.8 None 111.8 0 99.6 0 
7.25:1 Standard 69.8 Water 117.3 22.4 101.2 10.63 
7.25:1 Standard 69.8 Alcohol-water 121.4 8.66 102.8 4.07 
7.25:1 Standard 69.8 Alcohol-water 124.2 21.6 105.3 9.93 
7.25:1 Standard 69.8 Alcohol 126.1 16.62 105.7 9.09 
7.25:1 Lean 75.6 None 116.1 0 99.2 0 
7.25:1 Lean 75.6 Alcohol-water 125.1 27.2 105.0 16.52 
7.25:1 Standard 75.6 None or 0 102.8 0 
7.25:1 Standard 75.6 Alcohol-water 124.2 20.9 105.3 11.4 
7,25:1 Rich 75.6 None 119.9 0 104.3 0 
7.25:1 Lean 79.5 None 118.1 0 98.2 0 
7.25:1 Lean 79.5 Alcohol-water 125.6 24.45 102.8 16.42 
7.25:1 Standard 79.5 None 122.8 0 102.4 0 
7.25:1 Standard 79.5 None 124.6 0 104.3 0 
7.25:1 Standard 79.5  Alcohol-water 127.6 8.64 105.3 3.58 
7.25:1 Standard 79.5 Alcohol-water 126.6 16.4 102.8 0 
7.25:1 Rich 79.5 None 123.7 0 103.4 0 


as supplied by the engine builder; a rich jet, providing 
approximately 22.7% more fuel; and a lean jet, flowing 
6.2% less fuel than standard. 


Borderline detonation determined the spark setting on 
all runs. 


All tests were made with barometric pressures of 29.40 
to 29.90, with the relative humidity not over 50%. We 
avoided making comparisons during periods of low barom- 
eter and high humidity. All direct comparisons reported 
were made under similar weather conditions, and carbu 
retor air-temperatures were held fairly constant. The water 
temperature was held at 180 F, plus or minus 1% deg. 
Oil temperatures varied with the speed, but were held to 
very close limits at each speed by a very efficient, built-in 
oil heat exchanger. A manually operated, spark-advance 
mechanism was used, providing spark setting accuracy 
within one crankshaft degree. 


Gasoline consumption was determined by weight against 
time, the duration of which was practically the same at 
each speed, varying between 0.7 and 0.9 min. 

Engine revolutions and time determinations were pro- 
vided by a chronotachometer, reading to 0.001 min and 
counting the number of revolutions of the engine during 
the fuel runs by means of suitable relays. 


All data were recorded during the time the fuel was 
being measured. Gasoline flow rates were also checked by 
a research-type flow meter. 

The fluid injection rates were determined by volume 


against time concurrently with the gasoline-consumption 
runs. 


Intake mixture temperatures were taken with a ther- 
mocouple extending into the air stream. Exhaust gas 












to Uy 


temperatures could not be recorded directly, dug 

unsuitability of such couples as could be obtained: the:, 
fore, we placed a couple in the exhaust-manifold meta} { 
determining the metal temperature, which, for aj] es 
tical purposes, provided relative values of temperature 
differences. 

Injection fluid requirements at each speed were deter 
mined by adjusting the injector to flow varying amounys oi 
such fluids. The amount chosen as optimum was det 
mined as follows: the amounts of injection fluid giving 4. 
highest values of power and brake thermal efficiency pare 
plotted against rpm, and a smooth mean curve was dray 
the optimum amounts were then taken from this cury 
At the same time, borderline spark-advance settings wer 
cetermined in a similar manner. In other words, the beg 
combination of these factors was sought. Check runs were 
then made, using the values so chosen and the curves pr 
sented are made from these data. 

Brake thermal efficiency was used for all fuel-efficiency 
determinations rather than the usual pounds per | 
horsepower per hour in order to take into account 
heating value of alcohol which is considerably lower thar 
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m Fig. 10—Comparison of 69.8-octane gasoline (lean carburetor 
no internal coolant) with 79.5-octane gasoline (rich cordureto’ 
mixture ) 
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e. 12,000 Btu per lb was used tor alcoho! 
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Pe. « view showing the injection device as installed 
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s Engine Wear, Corrosion, and Cleanliness 
Geter e been numerous references and statements to 
nt 1t when internal cooling is used, combustion- 
deter osits are either eliminated entirely or greatly 
ig the ul F. Adair* writes as follows: 
were on to determining that normal engine opera 
ray e obtained using lower octane fuels and water, 
curve iss ited that the use. of water had many advantages 
were conducive to good engine maintenance. For 
e best t has been determined that the use of water 
were ‘ends to eliminate carbon formation in the engine, thereby 
S pre ludging of the oil, spark-plug fouling, and im 
seating. Asa result of the lower cylinder-head 
lency eratures (approximately 30 to 40 C lower than nor 
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a Fig. 12—Value of alcohol-water injection in octane numbers 
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mal), ring “feathering is reduced to a minimum, since 
cylinder-head temperatures are controlled to the extent that 
allowable maximum is not approached. A tendency for the 
engine to wear to the extent that high oil consumption is 
experienced after being in service is materially reduced, 
since ring wear is held to a minimum as a result of the 
controlled conditions outlined above. 

“The foregoing was demonstrated in conducting tests 
on a trainer aircraft equipped with engines having accu 
mulated 325 hr at the time the water-injection tests were 
started. After 10 hr of operation with water, the cylinders 
were pulled and it was determined that the carbon deposits 
on the pistons and cylinder were mostly disintegrated, 
leaving spots of bare metal both on the piston and in the 
cylinder. Examination of the piston disclosed the rings to 
be free from carbon deposits and there was no indication 
of carbon in the ring grooves. The oil in the engine 
remained clean instead of discoloring as is normally experi 
enced on engines having this number of hours. In the case 
of the tests on trainer aircraft, the engines were designed 
for 87-octane fuel and all operation was accomplished using 
65-octane fuel.” 

We ran a number of tests in our laboratory in an en 
ceavor to obtain information on this subject. 
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One test consisted of a cycling routine simulating the 
conditions of light-truck service. A V-8 engine was selected 


so that halt the cylinders could be ted an alcohol-water 
mixture. Ooo hr of! Operation, covering the equivalent ot 
14,250 miles, were run. The engine jacket cooling water 
was at all times between roo and 130 F. Low temperatures 
were purposely maintained to accelerate engine-bore wear. 

The average weight of engine deposits tor each group of 
cylinders was about the same but varied considerably be 
tween cylinders of the same group. Chemical analysis ot 
the deposits showed the results to be inconsistent. How 
ever, the deposit trom the alcohol-water-ted cylinders was 
of a softer, flakier nature and was easily dislodged. 

Cylinder-bore and ring measurements made before, dur- 
ing, and atter the test, showed the difference in wear 
between the two groups of cylinders was negligible. 

To obtain more information on this subject, another test 
was conducted with the same equipment reported above. 
This test consisted of full power operation at 2000 rpm 
with maximum injection of alcohol-water in half of the 
cylinders, with spark set for borderline detonation for 100 
hr. The jacket water was held at 160 F. 


The average engine wear was normal for each group of 


cylinders. Engine deposits were, from all outward appear 


ances, about the same in quantity and color. However, the 





m Fig. 13 —-Dynamometer equipment 














deposits in the alcohol-water-fed cylinders were easier | 
scrape off. Reports from aircraft-engine manufactur 
checked our results that the amount of deposit with anti 
detonant injection is about the same but that the de 
are softer and more easily removed. They also rey 
difference in wear. 

Numerous observations on road tests have brough 
the fact that an alcohol-water-injected engine w 
cetonate immediately after the injection is shut off, and 
one aircraft-engine manufacturer substantiates this 
Detonation, however, does re-occur shortly, necessitatir 
distributor adjustment to retard the spark if the a 
water injection is not turned on again. This is an in 
tion that the deposits are affected in such a way, per! 
as to render them temporarily impotent in pron 
detonation. This phenomenon may be due to the f 
the deposits lose some of their insulating qualities. 


su 


The apparent discrepancy between our findi: 
some of the published articles in regard to engine clea 
ness is probably due to differences in the fuels and op 
ating conditions. 

There have been no reports of internal engine corrosion 
in truck service when alcohol-water or water is injected 1 
proper amounts and under the proper conditions. Aircratt 
engine manufacturers substantiate these findings 


m Fig. 14—Dynamometer instrumentatior 
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—- 8 cu in., heavy-duty engine with 


, injector installed 
Data supplied by E. T. Larkin, of the Sterling Engine 
Co., show extremely low rates of wear for engines operated 


-ontinuously on natural gas, even though large quantities 

re were present in the raw fuel and as products 

istion. Tests extended over 50,000 hr of operation. 

We feel that sufficient data are now available effectively 

to “lay the ghost” of internal engine corrosion caused by 

8 q tion of alcohol-water blend with the fuel. This 
be explained as follows: 

[he fluids should be added only during periods ot 

gh metal temperatures, when the formation of corrosive 

it a Minimum. 
the 


gal 


- 2. Large quantities of water are already present in 
on f vapor as a normal product of combustion — 1 
| of fuel. 
minute quantities of antidetonant are used 
proximately 1/3 per min 
lisplacement at maximum 


per 


cc 


;, Or 0.021 cc per cycle for a 
ylinder at 1600 rpm. 


# Automatic Injection Device 


matic alcohol-water injector 
eloped is shown in Fig. 16 
section drawing. It is com 
main parts, namely: the 
(20), and the cover cast 
the diaphragm assembly 
h includes the springs (9) 
id acts as a gasket between 
9) and the body (20): the 
doughnut type, allowing 
the metering pin (15). 
ictuated by the diaphragm. 
ower requirement is re 
1e intake-manifold vacuum 
the diaphragm is drawn 
with it the metering pin 
turn, the 


th 


injector 


decreases orifice 


June 









a Fig. 16—Cross-section of 
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During the initial pin travel, or approximately 30% 


ot 
the total travel, spring (9) only is engaged. 

According to the engine’s requirement, the portion of the 
fiow curve provided by the initial pin travel must show an 
increasing flow but a diminishing rate of increase. 

The flov is dependent upon manifold vacuum, 
spring rate, and orifice area. The 
variable and increases from a few inches of water to 25 in 


curve 


manitold vacuum is 
of mercury. These vacuum values, cooperating with the 
springs (9) and (10), position the tapered metering pin 
relative to the orifice so that a predetermined flow rate is 
obtained. 


The spring (10) cooperates with the initial 
only for the final 70% 


spring (gq) 
ol pin travel and so serves in 
increasing the spring rate, thereby decreasing the final How 


at the desired rate. 











n Fig. 17 — Injector mounted on flange 


Finally, at a predetermined point, the fluid is shut off 
when the valve seal (16) contacts the valve seat in the 
casting (20). 

The float maintains a fairly constant fluid level for all 
How rates. 

When changing from low to maximum power, action is 
reversed and the flow curve conforms. 

The method used to determine the most desirable flow 
curve for a given engine is described elsewhere in this 
paper. It is desirable that the injector follow this curve 
with reasonable accuracy, so that all of the benefits can be 
realized without waste of the antidetonant. 

Referring to the cross-sectional drawing shown by Fig. 





m Fig. 18—Typical passenger-car installation 
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16, the angular hole, designated by numeral (2:), 


iCad 
from the mounting flange, and shown by dotted |jn. 
transmits the vacuum pressure from the manifold to 
diaphragm. 
The internal coolant, after it passes through the orig. 


nett a 


fiows through channels, marked by numeral hict 
in turn, communicate with the nozzles shown in Fic 
The nozzle for supplying the alcohol-water mixture 





nozzles have been tested, but it was found that 1 
design, a single tube with a hole at the center « 
is most efficient. 


This figure also shows a view of the device mount 
a flange. This flange is placed between the carbureto; 
the intake manifold. A typical passenger-car installat 
illustrated in Fig. 18. 

This description covers supplementary equipment { 
existing carburetors. In the future it may prove practic; 
tc build carburetors incorporating this method of supp), 


Preyals 


supplementary fluid; in other words, dual-fluid carburetoy 
are a possibility. 

The alcohol-water tank can be mounted either above o; 
below the carburetor level, depending upon space availabk 
I: mounted above, no pump will be necessary as th 
alcohol-water mixture will reach the injector by gravity 
In cases where it is necessary to carry large quantities 
alcohol and water, the tank will have to be mounted ad 
cent to the fuel tank or wherever space permits. A pumy 
will then be necessary, preferably one in combination with 
the fuel pump. Fig. 19 is a schematic drawing of a tru 
installation, showing the alcohol-water tank mounted 
proximity to the gasoline tank. 






The alcohol-water tank, in any case, need not ex 
10° of the fuel-tank capacity. This has been proved 
actual service and represents the most economical size rat 

The alcdhol-water pump should produce the same pr 
sure as the fuel pump, but a much lower flow capacity 
be adequate. 

All metals and materials contacting the alcohol-water 
mixtures should be nonmagnetic and noncorrosive. It i 
preferable that dissimilar metals do not contact. All 
kets, synthetic-rubber parts, and nonmetallic mater 
should be impervious to the alcohol-water mixture. An) 
swelling, shrinkage, or durometer change over 10% cannot 
be tolerated in the rubberlike materials. If a metal sud 
stitute is used, distortion should be held to a mini 

Service experience with the device and _ water-alc 
injection indicates that, in general, water suitable 
drinking is satisfactory. However, in some cases a Sli! 
has formed, interfering with proper functioning of ! 
equipment, and the use of distilled water will complet 
correct this condition. In no case has there been a repot 
of injurious chemical deposits in the engine due to the 
of alcohol-water. 


= Cost Analysis 


There are many variables in computing the cost of alc 
hol-water injection. We shall endeavor to cover the 
of alcohol-water injection so that the economics of su’ 


injection can be analyzed in the light of individual ' 
quirements when known quantities and cost are 
together with specific operating conditions. 


The cost per gallon cf gasoline used was arbitsat! 
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retors 





tematic drawing of alcohol-water 
- installation in a truck 


re) 


¢ for the 79.5-octane gasoline and 17¢ for the 
The curve shown in Fig. 20 represents a 
alysis comparing the cost of operating a vehicle 

-9.5-octane fuel (20¢ per gal) against 69.5- 


50.5 ine. 


octane fuel (17¢ per gal), using water-alcohol injection. 
Since water-alcohol injection is used only part of the time, 
the horizontal scale indicates the per cent time at full load 
balance at road load). The vertical scale shows the allow- 
able cost per gallon of alcohol for equal fuel cost. Thus, 
an operator knowing his own type of service can figure 


the savings or loss by comparing the actual and allowabl 
alcohol costs. For instance: 
Time at Full Throttle, Allowable Cost per Gal 
% of Alcohol, $ 
10 2.00 
10 0.74 
O 0.56, 
100 0.50 


[he influence of the type of operation on the fuel cost 
shown. The smaller the per cent of time the vehicle is 
ing operated at full throttle, the more can be paid for 
ohol without increasing total fuel cost. 
st be remembered that during the time when part 
hrottle is being used, a lower cost gasoline 
nsumed than would be the case if an 
ternal coolant were not used. 
[here is another important factor in fig- 
ring tuel costs. It is a common practice 
etard the spark to eliminate full-power 
nation. When this is done, the part 
throttle spark is automatically retarded, 
by adversely affecting the economy of 
By the use of an internal coolant 


efhcient spark position can be 
q 


* Summary 


juestions regarding antidetonant 
emain unanswered at this time. 
held for much greater research, 
ice has barely been scratched. ad 
ertormance in supercharged air- 

nes in this war has been remark- 02 


ALCOHOL COST PER GALLON 


2. 7 ntrol of pressure rise and shock 
tate the design of higher com- 





7 


INJECTOR / 






COMBINATION FUEL 
AND WATER-ALCOHOL 
-/ PUMP 








WATER-ALCOHOL FUEL 
TANK ' TANK 


pression engines with minimum weight. 

3. 50-50 alcohol-water injection appears to be the most 
economical fluid for best results. The alcohol content 
used may be a blend of various alcohols for denaturing 
purposes and to gain the best properties of each type. 
Some alcohols are most effective for preventing detonation, 
others for preignition. 

4. A great field of use may be in light aircraft engines. 
These engines operate at full load only a small portion 
of the time and will likely be designed to operate on fuel 
for ground vehicles after the war. Alcohol-water injection 
will be particularly valuable for this type of operation. 

5. It will be particularly effective if supercharging is 
used on ground vehicles, an important point being that 
it enables the engine to consume more air at the same en 
gine speed. 

6. There have been a great many reports of engines 
operating cleaner with alcohol-water injection. We be 
lieve that results will vary with different fuels, engines, and 
operating conditions. In every case where alcohol-water 
injection was used, deposits have been reported softer and 
easily removed. 


7. When injected properly and in correct amounts, there 
is no additional corrosion with alcohol-water injection. 


























} 
| | os 
20 30 40 50 60 70 6 #&«0 
PER CENT OF RUNNING TIME -- FULL LOAD 


m Fig. 20— Permissible alcohol cost when using cheaper gasoline with injection 
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8. To our knowledge, there have been no reports of 
alkali deposits in the engine when alcohol-water injection 
was used. 

g. It is probable that the beneficial effects of alcohol- 
water injection are due both to cooling and to chemical 
action. 

10. Best gains are realized when fuel of approximately 
12 octane numbers lower than the engine requirement is 
used, 

1r. Commercial alcohol is miscible with water but not 
with gasoline unless a binder is used; hence, injection is 


the most practical way of using alcohol. 
12. Incorporating the device in a carburetor wil 


L elim 
nate an additional accessory. We believe this can be done 
13. The economy effected by the use of lower grade 6, 


with alcohol-water injection will promote its use fo, man 
operations. 


14. It is realized that the use of alcohol-water jnjei,, 


bas the disadvantage of an additional fuel system and sh. 


necessity for replenishing the supply. However, the adja, 


tages will outweigh the disadvantages for many type 
operation. ; 





~ Closure to Discussion of Hydraulic Transmission Paper 


In the SAE Jourral (Transactions), January, 1945, pp. 10-18, 39, a paper by A. H. 
Deimel, Spicer Mfg. Corp., entitled “Hydraulic Transmissions for Motor Vehicles” was 
published, together with a discussion of the paper by G. V. Edmonson, Hydraulic 


Coupling Division, American Blower Corp 


In accordance, therefore, with the usual practice of the SAE Journal to publish such 
closures as authors may wish to make, we are hereby presenting the closure of Mr. Deimel 


to the published discussion of his paper. 


By A. H. Deimel 


| ie writer is indebted to Mr. Edmonson for furnishing an example 
of exactly the misconception of facts governing the use of hy- 
draulic transmissions for motor vehicles which it was the purpose of 
the paper to dispel. 


Mr. Edmonson objects to plotting efficiencies of both hydraulic 
coupling and torque converter against speed ratio. He claims that 
“speed ratio is not a factor in the correct application of a hydraulic 
coupling.” 

He fails to realize that the only reason for the existence of the 

coupling is speed ratio. Since the engine cannot exert torque at 
zero speed, the coupling must operate at sufficient speed ratio to 
permit the engine to apply power to stationary wheels without stop- 
ping the engine. He fails to realize that to start a vehicle from rest 
with a gasoline or diesel engine the efficiency of the transmission 
must be brought to zero, with infinite speed reduction, which can 
be done with a hydraulic drive or else with a friction clutch. After 
the vehicle has started, the efficiency and speed ratio must gradually 
be changed, for example by letting in the clutch farther, as vehicle 
speed permits, without adversely affecting engine speed. Even the 
well-known cushioning effect of the coupling is due to variation in 
speed ratio. 
He claims the efficiency of a coupling is 100% at 1 to 1 speed 
ratio. A little reflection will show that the coupling cannot operate 
at I to 1 speed ratio; there would then be no flow or circulation o! 
the fluid and no power could be transmitted. In fact, to run at 
I to 1 speed ratio, sufficient power would have to be applied to 
both input and output shafts to overcome friction and windage. 
Thus, the efficiency of the coupling at 1 to 1 speed ratio is slightly 
less than zero. 


He claims that in the application of a hydraulic coupling one of 
the primary considerations is that the coupling must be able to trans- 
mit the maximum horsepower of the engine with an efficiency of 
97% to 98%. The writer has been driving a Chrysler Fluidrive 
for four years and this condition has never once occurred, since it 
would require driving at over 100 mph. Therefore, this 
an unimportant point in the application of a coupling 
vehicle. Mr. Edmonson has apparently been confused by information 
on hydraulic couplings for industrial operations where motor and 
load run at practically constant-speed conditions and where it is 
important to choose the size of the coupling for this one particular 
condition of operation. 


would seem 
to a motor 


If his right-angle efficiency curve (?) is ideal we presume he 
starts his mechanical drive car without declutching, by crashing into 
first gear, as this would represent his ideal efficiency curve: zero 
efficiency while disengaged and 100% efficiency after engagement. 


He claims that a converter, transmitting engine torque without 
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conversion, must be operating at 0.64 speed ratio and 64% efficiency- 
but does not give his source for this information. The converte 
shown in Fig. 4 in the paper operates at 0.72 speed ratio and 72% 
efficiency when transmitting torque without conversion. The exc 
point at which this occurs depends on the blading design of 
converter. This point can be varied over wide limits, a fact which 
Mr. Edmonson evidently is not aware of. 

But wherever it occurs, at that point the converter is directly con 
parable to a coupling, and will have the same efficiency as a coupling 
since it is then nothing more or less than a coupling itself. Wiha 
coupling, speed ratio represents efficiency, and the efficiency curve 
therefore, is a straight, diagonal line. With a torque converter, when 
torque multiplication occurs, the efficiency is higher than that 
coupling, therefore that portion of the efficiency curve above the 
diagonal line represents the advantage of a converter over a coupling 
Similarly, the portion of the efficiency curve under the diagonal lin 
represents the advantage of a coupling over a converter. 
night oil has been burned in trying to combine the advantags 
both in one unit. 


the 
ut 


Mr. Edmonson seems of the opinion that the paper advocate 
converter over the coupling. As a matter of fact, both Spicer 
verter and Spicer Fluidgear hydraulic drives were described 
advantages of both over conventional mechanical transmission 
all types of operation, including the icy pavements referred ¢ 
Mr. Edmonson, have been too well proved by years of operation t 
require further comment. 

Apparently Mr. Edmonson fails to realize that low efficien 


1c 


in some cases be very desirable. If the converter efficiency 
example, were 100% this would mean infinite torque multiplicatio! 
at infinite speed reduction. One fly power applied to the input w 
cause such enormous output torque that the drive shaft axle W 


probably break. Thus, with 100% efficiency at the start it W 
difficult to get started. 

Most people have heard the story of the efficiency enginect 
the horse. In the interests of efficiency the engineer gradua 
duced the horse’s supply of fodder, but unfortunately just when * 
got the horse down to a daily wisp of hay the animal 
on him. This is somewhat analagous to a coupling 
else being constant, reduction of the loss, and consequent 
efficiency, reduces the power transmission capacity of t 
and just about the time the losses are reduced to a wisp o! ‘ 
coupling will “up and die” on us, the power transmitting capa 
disappearing, exactly as indicated by the curve to which Mr. Ecmo 
son objects. 


These points all serve to emphasize the conclusions brought 0 
in the paper, that for good results with a hydraulic drive 
tant that the whole unit be properly engincered. 
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(Progress Report of the 
Group on Foaming, En- 
gine Oil Division, CRC Co- 
ordinating Lubricants Re- 
search Committee) 


[ is already well known that the foaming of engine oils 

| often can be prevented more easily by use of small pro- 
tions of foam inhibitors than by mechanical alterations 

a the engines. Several mechanical devices, including foam 
separators and centrifuges, have been proposed for elim- 
ng foam, and sometimes changes in design of scaveng- 

ng pumps, oil tanks, and general piping of the lubricating 
ystems may be helpful. The use of an additive to 


sm tailor” an oil for a special purpose or to provide special 
al onal qualities can be very effective. The following 
he exac iditives are used in crankcase oils for Army ground 
1 of Oe hy 
ie Antioxidants 
, Detergents 
pig Pour depressants 


. Foam inhibitors 
rte lt is no doubt true that the need for any one of these 
; uld be reduced materially by modifications in engine 
yut the additives partially eliminate the necessity of 
nal [ uch modifications, and, furthermore, enable existing equip- 

ment to be operated far more satisfactorily. 

gine failures may be caused by the foaming of engine 
veral ways; for example, in an aircraft engine, 
ch has been formed by picking up air at the 
ge pump may cause enough entrainment of air to 
nixture of air and oil to be fed to the pressure 
Ce» Me Pump. In addition, if the engine is flown rapidly from low 
% titud high altitude, the lowering of atmospheric pres- 
af te releases air dissolved in the oil and increases the vol- 
for n itrained air bubbles. 





In either case, foam or oil 
pom ntaining high percentages of entrained air may cause 
“ar *, and may also cause displacement and loss 

he lubricating system. Another difficulty is 
toaming, especially in ground vehicles, where an 
| level is indicated by the common dip-stick 
aun ts ‘hod of measuring. If the dip-stick is wet by a high 
|, a high oil level is indicated, although the crank- 
1tain almost no bulk oil. A number of engine 
nalies lu ¢ occurred as a result of such false indication of 





q ~ idl lure 
cle w 


' + 
) 





wer msequent failure to detect a dangerously low 
Ean cee ees os 1 
$2 very little work had been done on the pre- 
ght ou (1 presented at the SAE War Engineering-Annual Meet 
impo . 1945.] 
ng Group. 

July, 1945 

No, 6 ) 
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ENGINE OIL FOAMING 


Prepared by H. A. AMBROSE' 


Assistant Head of Chemistry Division 


and €. £. TRAUTMAN 


Research Chemist 
Gulf Research & Development Co. 


vention of foaming of lubricating oils, although serious 
foaming problems had occasionally occurred in equipment 
such as racing-car engines, automotive gears, industrial 
gears, and steam turbines. Additives to reduce foaming 
were tried in some of these instances, and it was found 
possible to reduce the foaming of gear oils under some 
conditions by adding foam suppressors, although these 
early additives were only moderately successful. ‘The sub 
stantial elimination of foaming by additives did not come 
until a later date. Nonfoaming, heavy-duty oils (U. S 
Army Specification 2-104B) were supplied commercially, 
early in 1943. 

In 1942 foaming problems reached serious proportions 
in certain aircraft engines, naval diese] engines, and mili 
tary tank engines and gears. About this time several 
aircraft-engine manufacturers and petroleum oil labora 
tories, as well as the National Advisory Committee for 





TUDY of the foaming of engine oil by the CLR 
Group on Foaming has led to the develop- 
ment of what is called antifoam agents, which, 
when added to the oil, eliminate foaming under 
most conditions. 


These inhibitors of foam, the authors report, 
have no detrimental effect on the oil. 


Nonfoaming engine oils are now available for 
the Army and Navy; and, as far as can be de- 
termined, complaints from foaming of Army and 
Navy specification engine oils have now been 


eliminated. 
s 

THE AUTHORS: H. A. AMBROSE (M ’3 istant 
head of the Chemistr Gulf Research & Devel 
nent ( ined ition in 1932. He ha 

y been resear } hemist tor G f Production Co nd Me 

n Institute f Industrial Research A raduate 
Norwich University, Dr. A rose received his doctor's « 
gree from M.I.T. in 1930. C. E. TRAUTMAN, aut 
several patents on transformer oils, is group leader of 
fundamental research, Chemistry Div n, Gulf Research & 
Development ‘ Mr. Trautman received |} bachelor 
legree from Carnegie Institute of Techr gy in 1937 
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tests made at Camp Seeley, and (3) at Por 
































ae - - Ain NNOX, g 
(= (; "IN (4) laboratory engine tests made by the U.S ival | 
02 Cu FT/ MR. neering Experiment Station at Annapolis, ‘J resy , 
2 HOLE ORIFICE IN PLUG Field service tests are compared in T 
RUBBER STOPPER : (0.016" DIA.) compared in Table 1 w borat 
VENT = ‘%_ LONG test results, Additional data are illustrated by the eyy 
als Fig. 2, The CLR procedure was adopted by the 4 
a Ordnance Department for evaluation of the {i 
1000 ML 
HOO — Cr aDuATED acteristics of lubricating oils, and specification |ip 
CYLINDER 
vod new (unused) oils were included in U.S, Army Spe 
/~ tion 2-104B, Amendrnent 2, for SAE 20 and SAP. «> 
{200 N° BUTYL 1 3 
= PHTHALATE oils. A similar limitation is included in Bureay of & 
es y Specification 14-0-13 (INT). 
600} * . 
The specication limits are satisfactory for assurin 
500 - ow > 
Saale deieeinentiaa dom trom foaming of new (unused) oil, but do nor 
400 absence of foaming for used oils, except for thos 
300 which a satisfactory, persistent, antifoam agent is us 
2001, ee The really important objectives Lo be reached . 
“a CLR Group on Foaming were (1) the study of fog 
STONE DIFFUSER 
i me FISHER SCIENTIFIC CO ot enypine oils, with emphasis on antifoam agent 
— CAT NO 11-139 
a a. ‘ 


solution to the pressing problems of foaming, and 


= Fig. | -Foam test apparatus ~ CRC designation L-12-1143 dissemination of this information throughout the indus 


As a result of this work nonfoaming engine oils ar 


Aeronautics, became interested in foaming of auircratt 


Table 1 — Foam Test Correlation 
engine oils. 


CLR Group on Foaming 
By March, 1943, the foaming of engine oils in military 


Foam Collapse, 
vehicles was considered to be so serious that the formation 


mi foam 10 min 


’ ’ ’ after foami ‘ 
of a working group sponsored by the CRC Coordinating aver ee Rating by A. 
Lubricants Research Committee was proposed to study the oll Temperature, F Range = Average L-12-1144 Rat 
matter. ‘The CLR Group on Foaming, formed as a result F-15 (1) Room 615-660 na? Bad foamer Bad toame 
‘ ‘ 2) 200 665-760 706 
of the Ordnance Department’s official request of April, (3) Room 490-685 576 
1943, developed a “Procedure for Determination of the F-16 (1) Reem 145-325 a1 ee ee 
; ” : Oile” This (2) 200 0-120 46 
Foaming Characteristics of Lubricating oe , Ms oe ts) Ream haar = 
edure was made available by the Coordinating Research 
ced : onnyem y z 5 F-17 1) Room 260-470 369 Moderate Moule 
Council as CRC designation L-12-1143 in November, 1943. 2) 200 455-695 612 foamer race 
ass 3) Room 175-466 331 
Che procedure involves the use of simple laboratory appa 
F.1 ‘ Nont 
ratus designed to introduce finely dispersed air at a con . 1 : : Wenteamer , 
trolled rate under the surface of the oil sample. The (3) Room 0 0 


apparatus is illustrated in Fig. 1. Data obtained by this 
test correlated well with: (1) field service data obtained at 
the General Motors Proving Grounds, (2) 


« 


“Maximum value for foam collapse for U. 8. Army Specification 2-1048 
(1) 300, 
(2) 26. 
(3) 300, 


tne Id service Slight foamer by Sequence 2 





































































= : ' : 
| | | | | available for the Army and Navy, and, as far as can & 
800 4 —— a . oe GROEe Wee determined, complaints from foaming of Army and \ 
specification engine oils have been eliminated. 
¢ 7 bis ae ee The possibility of finding successful antifoam ad 
. ‘ apparently did not receive much attention during the eat) 
ae: a ae cae studies of engine oil foaming. Some technical men 
© country pessimistically concluded from a theoret 
© et that foaming of oils could not be prevented by ad 
Sos In Europe, a group studying the foaming of air 
> oils concluded that very little could be done in | 
o Yo using additives to prevent foaming. Their rea 
J ‘ ye somewhat as follows: Although castor oil was 
= 200 WA foam somewhat less than mineral oil, castor oil 
S hn considerably in engine tests. The additives 
Fai then known were not able to reduce foaming 
r oils in laboratory tests to much less than that of 
0 Therefore, it was concluded that mineral oil 
° S 10 iS 20 these additives would not offer much improve! 
FORE CENT “See SS GR. SP However, the problem has been solved in 
— ae ve by the discovery of antifoam agents which eli 
a Fig. 2-Laboratory and field foam test correlation - CRC 


eral oil foaming under most conditions. 
tives are now widely used 


Anti 


in oils covered by the 


Group on Foaming 


374 SAE Journal (Transactions), Vol. 53 No. | 











ese conditions. 


tne persistence of an antifoam 












a Fig. 4— Effect of temperature 
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a able 2 — Effect of Oxidation on Foaming 
SAE 50 Paraffin-Base Oil (105 V. 1.) 
Underwood Test: 325 F, Cu/Pb Bearing 
Mi Foam (5 min) at 200 F 
: ’ CLA L.12-1143 
bir Oxidized 0 j 6 ) Ps q ; ' 
( ee ee a) ' ’ 
( m Agent 0 0 0 0 0 ; : 
( factory Commerctal : ' 
r ent 0 180 200 160 180 i , 
; } i} 
lo 3 - Effect of Engine Operation on Foaming a . : 
; 1" 
¢ 
S Laueon Engine: 1860 rpm : 
Output: 3 hp : : 
Jacket Temperature; 340 F ; ' 
Mi Foam : 
; CLA Procedure 
: Crankcase Engine 
Temperature, F be 7 200 F 
AE i< 190 0 626 240 
20 640 216 : 
V rm 
Al vi. Oi Antifoam Agent wo 0 0 0 ’ | 
20 0 0 
SAE ocifieation 2-104B Ol 226 0 650 THO 
216 650 100 
D sai tion 2.1048 Ol 225 0 0 5 : 
Antitoam Agent 216 { 0 
% | 1 of Ships Specilications mentioned previously 
been re ported in Which these antiloam apyents, 
Se wl rly ipphied, have failed to prevent! foaming ol 
¢ In iddition lo th ue specication oils, antiloam 
f 
Ser e found successtul application ith AULOTMOLIVE 
F) 
Rat B year im turbine lubricating oils, industrial gear oil: 
3c toame and special industrial lubricating oils 
of antifoam action 1s illustrated by big 
Mont the behavior of two oils, one containing an 
ment, wi th laboratory loam test (¢ ha Proc . 
M 1143) . Fig ; Example of antifoam action oll on iett contains anti 
f ny antiloam agents for enpine oil, attention foam agent; oil on right does not 
: li rd additives that would (1) do the job 
f\ 
" 1 ( ) would have neo adverse eflect on fur vent under ¢ ere condition Ol enpitve ration | ith 
rhic of the oil \ large number of additive cluded im ‘Table boamiuny ol the o i ( ited : 
; | overed which reduce loaminy of engine o1 under all conditions of the Lauson eny In 
these are not useful because the antiloain Other test not illustrated here, the a ‘ 
q 1 pe rsist during conditions ol operation Lhe ivent ha per ted lar by yond hve usin ‘ 
j yed by the eflects of heat or oxidation: the It rare to find an oil additive that do ‘ 
4 Vaporizauon of chemical change lor it intended { rpose as the antitoa ‘ ‘ 
‘ 3 t of elevated temperatures on 
N 4 ine oils is shown by data in 
letervent oil meeting Specifica SAE 5O DETERGENT O11 SAE S50 0 
P <i O* 
id 6 (except for the foaming require ew. £° 1048 d 
| 
the ¢ in increase in foaming with + i 
‘ ‘ " ‘ 800) 
emperature Data for the high 800 | wiTHOuT 
thout a detergent illustrate the ANTI-FOAM AGENT 
i I behavior of an oil at elevated s 
4 \ ldition ol the antiioam ape nt 600 ; ; ; ; G0 } 
minated loaming of either oil at z 
2 + ; t % 
q ” | bo... WITH 
, tes ’ , bn hid BGEN 
ice Of an antiloam agent under 4 400 | j j } 400} + 
f . : 2 
of oxidation is shown by : 
, f 2 4 ‘ = | 
The foaming tendency of 4 | | 1 | 
, “ | 
: idditives increased with oy» _ 
i | . 200 t 7 T 200} + 
the oil containing an anti 
ined completely nonfoaming = } | | \ 
; S oe 8 é WITH | wilh Pm 
cre conditions of Underwood ANTI|-FOAM AGENT st | any bit BOE WT 4 
1 ,_»____+ —__ aT ae € 4 0 EE * — > — 
; J Another commercia 50 150 240 150 5 a7 oe 7 
4 ¢ was destroyed and did not TEMPERATURE “F 











Table 4 — Effect of Antifoam Agent on Oxidation 


SAE 50, 
Underwood Test: 


Oxidized 6 Hr 


105 V. 1. Oil 
325 F, Cu/Pb Bearing 


Oxidized 12 Hr 





Nap! htha 
Neutralization ae. Sludge, bees _ 
No. mg per 10g atl 
Oil 0.83 2.7 1208 
Oil + 10 Times Recommended 
Concentration Antifoam Agent 0.94 2.6 1190 





Bearing Nap htha aries 

Corrosion, Neutralization Insoluble Sludge, —— ous Corrotion 
g loss No. mg per 10g atl 9 oes 
0.030 13.8 4.0 2945 0.198 
0.015 12.5 3.2 3039 





Table 5 — Effect of Antifoam Agent on Oil Properties 
During Engine Tests 
Lauson 7 1850 rpm 


Output: 3 
Jacket Temperature: 340 F 


Oil Properties 
Naphtha 
Insoluble Viscosity, 
Crankcase Engine Neutralization Sludge, SUS at 
Temperature, F r No. mg per 10g 100 F 
SAE_50,'105-V."1. 190 0.03 0.4 1100 
10 1.24 10.5 1210 
20 2.95 11.0 1493 
SAE 50, 105 V."I. 190 0 0.03 4.7 1143 
10 1.20 7.3 1185 
20 3.31 9.9 1473 


same time does not affect some other functional properties. 
Industry in general is quite willing to concede that a new 
additive will perform the duty for which it is intended and 
developed, but industry also naturally desires assurance 
that the additive will not cause any adverse effects. The 
aircraft industry has been particularly reluctant to accept 
oil additives, although the automotive industry has been 
receptive. Usually, the first question asked about a new 
additive is: “Is it safe to use in the engine?” Specifically: 
Does the additive have any adverse effect upon the follow- 
ing items: 

Wear 

Load-carrying capacity 

Engine deposits 

Bearing corrosion 

The results of extensive tests in laboratory wear ma- 

chines, laboratory test engines, full-scale, aircraft-engine 
cylinders, as well as extensive service in military and naval 
equipment, indicate that the foam inhibitors now in use 





0,103 


have no detrimental effect on the oil. Reports of these tess 
usually have been issued under a restricted or confident 
designation, so unfortunately only a limited amount of sy; 
information can be supplied here. 

The Underwood oxidation data in Table 4, which ap 
typical, indicate that an antifoam agent now used in Speci 
fication 2-104B oils has no adverse effect either on the 
course of oxidation or on bearing corrosion. Similar results 
obtained in engine tests, are illustrated in Table 5 


Many other laboratory engine tests, including those mae 
at the Naval Engineering Experiment Station and thoy 
made by aircraft-engine manufacturers, indicate that anti 
foam agents now in use have no detrimental influence on 
engine operation. 

Air entrainment is sometimes confused with foam 
Antifoam agents prevent foaming by destroying | 
when they reach a free surface almost as rapidly 


as they 
are formed. Obviously, antifoam agents cannot prevent 
entrainment, but they do tend to eliminate it more rapidly 


They promote coalescence and junction between two ga 
bubbles of moderate size, in the liquid phase, to form a 
larger bubble which escapes more rapidly to the free su 
face where the bubble breaks and the gas is releas 
Photographs illustrating this point are shown in Fig. 5 
The foam and air entrainment were produced by 
mechanical means of pumping through a spray nozzle. 
An exact theory to explain the destruction of foam is not 
established. The action appears to be entirely physical. At 


a later date it may be possible to publish a mor« 


the 


compete 


account, including some very interesting information 
untitoam 
problems. 


agents and their application to oil-foan 

In addition to the application 
foam agents to engine oils, the f 
elimination of foaming of gear 
also been made possible. In the past t 
foaming of automotive gear lubricants | 
been severe, and particularly of lubricants 
in differentials where foaming caused !os 
of oil through the axle housing ont 
brake bands, creating a dangerous © 
Application of antifoam agent 
transmission lubricants in trucks operating 
over long hauls at high speed has 
eliminated loss of oil by foaming 

The use of antifoam agents 
ing rapidly to many types of lubricating 
in all of which they 
form satisfactorily. 
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a Fig. 5-—Foam and air entrainment - 


(left) when no antifoam agent is uses; 
(right) antifoam agent used 
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RESENTED here in understandable terms are 

the principles of induction heating, along 
with a discussion of the equipment needed, con- 
trol factors involved, and applications in the 
automotive industry. 


induction heating will continue to fill an im- 
portant need in industry, for it reduces the 
man-hours and material charges per unit manu- 
factured, as well as having such advantages as 
accurate temperature control, minimum floor 
space required, and more efficient use of equip- 
ment. 


ee ee ee 
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ITH over 150,000 hp of equipment in operation in 

countries all over the world, the Tocco process main- 
tains the leading position in the induction heating field. 
There was nothing new about the basic principle upon 
which this process was based, since it was demonstrated 
nearly 50 years ago that metals could be heated when placed 
within the confines of a loop of a conductor carrying alter- 
nating current. The need for a high frequency of alternation 
for rapid heating and heating to high temperatures was un- 
derstood at that time, but no one apparently recognized the 
potentialities of the tendency for the heating to concentrate 
on the surface. However, with the exception of a few 
applications involving heating for forging and melting, 
very little was done with this unusual phenomenon until 
1934 when it was used for the first time for surface harden- 
ing a production item, namely, the bearings of diesel- 
engine crankshafts, by the Ohio Crankshaft Co. Prior to 
that date, the crankshafts were generally heat-treated to 
approximately 300/320 Bhn, which represented a compro- 
mise between wear resistance and machinability. Alloy 
steels were usually used, not because of the higher physicals 
which they would impart to the shaft but to provide better 
machinability than a plain carbon steel. 

The development of the Tocco process, the advance- 
ments made in design of equipment, and the multitudinous 
applications are in reality the full story of induction heat- 
ing which to date has enticed at least a dozen manufac- 
turers of induction heating equipment into business. 


Basic Principles 


Many stories have been written describing and discussing 
th 


the underlying principles of induction heating. These 
include such expressions as stirring action, internal molecu- 
ar friction, hysteresis, and eddy currents. While theoretical 
considerations cannot be dismissed too casually, it is our 
. to clear away much of the mystery which appar- 
ently enshrouds the understanding of induction heating 
and present it in readily understandable terms. 
material which is capable of conducting electricity 
fectively and practically heated by means of induc- 
ecifically chosen frequencies of 960, 1920, 9600, 
x1mately 400,000 cycles are being used extensively 
me. The use of higher frequencies is limited to 
ll parts which are beyond the limits of this 


Durr 
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dees per was presented at the SAE War Engineering — Annual 
M etroit, Jan. 9, 1945.] 
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TOCCO HARDENING 


by H. B. OSBORN, JR. 


Research Director 
Tocco Division, Ohio Crankshaft Co. 


The high-frequency currents mentioned above, carried 
through an inductor designed to produce a specific heating 
result, generate a magnetic field within the space it en- 
circles and induce a flow of current in any conductive 
material close enough to have the magnetic flux lines cut 
through it. The intensity of the field is greatest at the 
midpoint of the width of the inductor and near its inside 
face. The inductively heated part has thus become the 
secondary of a simple transformer wherein the inductor is 
the primary. While the substance which carries the in- 
duced current has the ability to act as a conductor, it also 
has an electrical resistance to this flow of energy. We may 
then compare induction heating to straight resistance heat- 
ing and establish it as /*R heating. That is, there is a flow 
of current J and a resistance to the flow R, which combined 
are responsible for the generation of heat. However, the 
unusual characteristic of high-frequency heating upon 
which all surface hardening applications depend is its ten- 
dency to concentrate on the surface of the conductor 
through which it flows. This phenomenon, called skin 
effect, is a function of frequency. Other factors being 
equal, the higher the frequency, the shallower the depth 
of penetration. 

The rate of heating decreases with time as the electrical 
resistance to the flow of current increases with temperature. 
Since the entire action goes on in the surface layers, only 
that portion is affected. The original core properties can 
be maintained and surface hardness secured by quenching 
when complete carbide solution has been attained. Con 
tinued application of power causes an increase in depth of 
heating, for, as each layer of steel is brought to tempera- 
ture, the current density shifts to the layer beneath, which 
offers a lower resistance. Additional depth results from 
heat by conduction with longer time of heating. 

It is obvious that the selection of the proper frequency 
and the control of power and heating time make possible 
the fulfillment of any desired specifications of surface 
hardening or through-heating for heat-treating, annealing, 
normalizing, brazing, forging, or forming. 





THE AUTHOR: H. B. OSBORN, JR. is in charge of sale: 
development and research of the Tocco Division of Ohio 
Crankshaft Co., the position he has held since 1940, one 
year after joining the company. In the five year interval be- 
tween the time he did graduate work at Lehigh University, 
his alma mater, and his affiliation with Tocco, Mr. Osborn 
served on the faculty at Lehigh in the chemical engineering 
department. 
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m Fig. | —Three-station Tocco Junior completely self-contained 


with a 9600-cycle, motor-generator set. 


Station mountings are 
standard for attachment of fixtures. 


Power up to 200 kw output 


There are certain relationships between frequency and 
diameter or thickness of stock treated upon which may 
depend the selection of the specific frequency to be used 
for a particular application. Currently, however, it has 
been found that more than 95% of all induction heating 
problems can be solved successfully by the use of energy of 
g600 cycles or less. 

All induction heating equipment consists of an inductor, 
quenching auxiliaries if needed for hardening, suitable 
transformers and capacitors, automatic timing controls, 
and a high-frequency generator. In addition, provisions 
are made for handling the parts intermittently or continu- 
ously, depending upon production requirements and hard 
ening specifications. 


m Equipment 


Since we have discussed the effect of frequency, it seems 
to be in order to cover briefly some information relative to 
the type of equipment used to generate the alternating 
currents and apply them. 

There are three sources of generation of high-frequency 
current which find commercial acceptance for induction 
heating. 

The original alternator used for induction heating as 
applied to surface hardening on a production basis was a 
motor-generator set operating at 1920 cycles. Such was the 
type of energy used for the hardening of crankshafts, cam 
shafts, axle shafts, track pins, and so on. Recent installa- 
tions on similar parts now use 3000-cycle generators with 
some benefit derived trom the slightly higher frequency. 

Spark gap oscillators later entered the picture because of 
their higher frequencies (200,000 to 400,000 cycles) and 
are used primarily tor heating of small parts. Power output 
of standard equipment is limited to less than 25 kw. 

Following a period of dissatisfaction with the spark gap 

t “Inherent Characteristics of Induction Hardening,” by M. A. Tran 
and H. B. Osborn, Jr.; presented at a meeting of the American Society 


for Metals, Cleveland, Ohio, Oct. 25, 1940; Preprint No. 49 
2See Transactions of the Electrochemical Society, Vol. 79, 1941, 


pp. 215-241: “‘Surface Hardening by Induction,” by H. B. Osborn, Jr. 
3“ Practic Aspects of the Selection of Frequency and Time Cycles 
for the Processing of Metallic Parts with Induction Heatine,’”’ by 


W. E. Benninghoff and H. B. Osborn, Jr.; presented at a meeting of 
the American Society for Metals, Cleveland, Ohio, Oct. 16, 1944. 








equipment for critical hardening applications, 
generator was developed which has proved 
widely used type of induction heater. These ge 
available in completely self-contained machines (Pio 
with a wide selection of power ratings up to man 
dreds of kilowatts. 

Simultaneous with the above development 
vacuum tube oscillators was exploited for induct 
ing, and where the higher frequencies are needed, 4s 
described in the following pages of this paper, they provid 
the necessary energy. As with the spark gap set 
present standard equipment is limited in power to approxi 
mately 50 kw maximum output. See Fig. 2. Special units 


at higher power ratings are in use, but the prevailing cos 


of such installations precludes their consideration { 
eral use. 


or ger 
Frequency of this equipment runs generally 
upwards of 375,000 cycles, well into the megacycle range 

The inductor may be a single turn of copper to fit the 
piece to be heated, or several turns of copper tubing 
for the same purpose. 


shaped 


However, symmetrical inductor 


ere: 0000. e 0 


“ve. evs. 
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a Fig. 2—Two-station, all-metal cabinet, Toccotron, each inde- 


pendently controlled and with standard mountings. Power unit is o 
vacuum tube oscillator operating at 450,000 cycles at 20 kw output 


may be used to heat unsymmetrical objects becau 
natural tendency of the high-frequency current 

the contour of the piece. The quenching medium 

plied through the inductor by means of orifices 

an integral part of it. See Fig. 3. The same tim 

which controls the heating cycle controls the q ng 
cycle to the same degree of accuracy and also in 

in and out of the inductor when necessary. 

Fixtures for holding parts and necessary inductors 4 
usually specially designed for the parts to be t 
are adjustable and adaptable to a wide variety 
Furthermore, the change from one fixture an 
assembly to another takes but a few minutes, 
mounting positions of the equipment are sta! 


SAE Journal (Transactions), Vol. 52, N° 7 








re effort than change of a fixture on a 
\ single induction heating unit may be used 
processing of hundreds of different parts. 


ontrol and accuracy are keynotes in induc- 
from two standpoints. First, because of 
of equipment, there is automatic positioning, 
locations of hardened areas (more than one 
eated simultaneously), and automatic control 
ienching, and indexing cycles to within o.1- 
Second, this control makes each heating 
| treated object an exact duplicate of all others 
the same set-up. Further, total elimination 
ror avoids the usual variations and mistakes so 
of manual control. 
\ description of the different types of induction 
ts and various metallurgical aspects, as well as 
for the process, have been described in detail 


iblications.! * 3 


a Control Factors 


[here is a relationship between frequency and diameter 
or thickness of stock treated which becomes more impor- 

1s temperature requirements increase. 
For illustrative purposes, the following data show ap- 
proximately the correct order of magnitude of these factors 
s aflecting the treatment of cylindrical stock, of a harden- 
ble analysis, quenched immediately following a heating 
me of short duration, and one which permits a minimum 
eat transfer by thermal conduction. 
diameter bar heated with 1920 cycles would 
eat substantially throughout its entire cross-section and 
if any, decrement of hardness would result. 
[reated with*9600 cycles, surface hardening to a depth of 
proximately 0.080-in. is generally obtained, and shallower 
lepths with excessive power input per unit of surface area 
r with higher frequencies are obtained. 

\ '4-in. diameter bar heated with 1920 cycles could not 
idily be raised to temperatures which would permit 
rdening, although this frequency is satisfactory for an 
nealing or low-temperature drawing. Heated with 9600 
ycles, this bar would show adequate temperature for 
rdening, but as with the %4-in. diameter stock on 1920 
ycles, hardness would be throughout the entire cross- 
ection. Surface hardening would dictate the need for 
well above 9600 cycles. 
diameter bar could not be effectively heated to 

temperatures with 1920 cycles, although 9600 


4—Representative group selected from 
275 different parts for engines and com- 
Pressors being processed on a single Tocco 
’ Sizes of parts vary from '/2;0z screws 
to 186-lb crosshead pins 





a Fig. 3—Typical inductor block for “single shot" harden- 

ing. Note cooling water inlets in base and quench cham- 

ber on inside face. Copper tubing serves the same pur- 
pose, but is not as rigid and durable 


cycles is being used for subcritical annealing or drawing, 
Obviously, such work is generally confined to the progres 
sive treating of wire. Frequencies above 100,000 cycles are 
needed for through hardening such stock. Surface harden- 
ing of material of these dimensions is not considered 
practical. 

Although special low-frequency inductors have been de 
signed for the processing of thin strip stock which shows 
considerable merit, the above data will be approximately 
correct for such items with thickness of plate being substi 
tuted for diameter. 

Fullest advantage of the skin effect of high-frequency 
heating is obtained only if the surface area can be brought 
up to hardening temperature in a very few seconds. To do 
this, we must introduce a sufficient amount of energy into 
the inductor to induce adequate current in the surface of 








ed 








the zone to be heated. The width of the inductor is slightly 
greater than the area heated, but may be considered the 
same for the sake of discussing surface energy relation- 
ships. The power introduced into the inductor is measured 
in kilowatts, and we, therefore, speak of the power input 
as kilowatts per square inch of surface area heated. Unless 
we maintain certain minimum values for this factor, flow 
of heat by thermal conduction will result in increase of the 
depth of hardness. 

As the area increases due to a greater widih being 
required, the number of kilowatts required for a specific 
part increases proportionally. For example, if a 1-in. wide 
bearing on a 2-in. diameter shaft required 60 kw, then to 
harden a 2-in. wide area on the same shaft to the same 
depth of hardness would necessitate power of the order of 
120 kw. To overcome high power needs, parts may be 
heated progressively by passing through a narrow induc- 
tor, through the bottom of which flows the quench for 
hardening. 

If the area increases due to an increase in diameter, the 
kilowatt requirement increases also, but not in direct pro 
portion. To maintain the minimum depths of hardness 
associated with various frequencies we must provide certain 
minimum power inputs per unit of surface area. These 
run from 5 to 15 kw per sq in. 

The higher the frequency, the more important becomes 
this requirement, but, due to power limitations, we cannot 
harden large parts to shallow depths normally associated 
with frequencies above 100,000 cycles. 

After the approximate power requirement is established, 
an initial hardening cycle based on 35 kw-sec per sq in. 
will generally produce the desired microstructure and hard- 
ness details. Depending upon response of structure, modi- 
fication of power, heating time, delay time, and quench 
time can be made to establish complete carbide solution, 
satisfactory hardness, and depth pattern. 

Assuming reasonable response of structure, Table 1 
shows the absolute minimum depths of hardness which are 
considered for production work. 

The above depths of hardness data represent actual 
results obtained with structures which respond very readily 
to heat and are values noted with both single and progres 
sive methods of treatment with power input of at least 
15 kw per sq in. of surface area. Note that the depths are 
considerably greater than the theoretical depths, since heat 
flow by conduction is almost instantaneous. Obviously, the 
diameter of the stock must be sufficient to offer a reasonable 





a Fig. 5 — Four vertical crankshaft units, each for hardening three 


or four bearings. Production 25, 13-bearing shafts per hour 
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a Fig. 6—Close-up of vertical crankshaft hardening unit 
jaw-type inductors which close automatically around bearings 


Note 


core, since, for example, the flow of heat is so rapid in a 
piece of steel that regardless of frequency or power, mat 
rial of less than %-in. diameter cannot be surface hardened 
A similar condition exists with tubing. If we are harden 
ing such a part, the wall thickness should be at lea 
the depth of hardness anticipated. Although other factors 
such as the relationship of wall thickness to diameter 
assume importance in such instances, it is not cons 
appropriate to disctiss them here. 
Space limitations preclude the possibility of a detailed 
discussion of design of inductors, setting of cycles, and the 
various metallurgical aspects of the process. 
that prior treatment of material is not too important ane 


st twice 


Suffice to say 


that, in general, normalized structures are used. Ob" 


Table 1 — Minimum Depths of Hardness 
Approximate Theoretica 
Depth of Penetra 

of Electrical Energy 


Approximate 
Minimum Practical 
Depth of Hardness, 
Frequency, cps i 


in, r 
3,000 0.060 0.035 
9 600 0.040 0.020 
120, 000 0.030 0.006 
500 000 0.020 0.003 
1,000, 000 0.010 0.002 
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mely shallow depths of hardness are needed the 

+ short time cycles dictate the need for rapid 
tion and a sorbitic or fine pearlitic structure 
~ referred. If the initial hardness is less than approxi- 
-ockwell C, there is no drawn or annealed zone 





j 
8 the hardened area on the surface or beneath 
Further, there is, under no circumstances, a sharp line 
demarcation between case and core, but rather a gradual 
sansition of hardness and structure from the hardened 


«yrface to the original properties of the core. 


a Applications for Automotive Industry 


Prior to the war, induction heating was used in the 
manufacture of parts for automobiles, trucks, and tractors. 
It has continued to be used since for trucks, prime movers, 
ind tanks on almost identical parts. We shall present 
herewith details of such applications, together with many 
which shall find their way into automotive production 
when it is again resumed. 


a Crankshafts 


In general, the bearing pressures used in standard diesel 
and gasoline truck engines are such that a hardened crank- 
shaft is required to ensure a reasonable length of life. 
Many millions of crankshafts so treated are now in use, 
setting alltime service records. Although the automotive 
manufacturers may see no need for a hardened crankshaft 
in a passenger car, the fact that such a shaft can be pro- 
duced at less overall cost will, no doubt, be responsible 
for the decision to use a crank so processed. However, 
there are economies foreseen in the use of harder bearing 
materials which, in turn, require the use of the hardened 
crankshaft and may force the issue. 


A modified SAE 1050 analysis is recommended for 
crankshaft forgings, in a normalized condition, machined 
at approximately 220 Bhn to within o.o10 in. of finished 
size and subsequently Tocco hardened for a depth of ap- 
proximately 0.150/0.180 in., followed by stress relief draw 
and finally finish ground. Oil holes are plugged and pro- 
tected from full quench to provide a softer area around 
the fillet of the oil hole. The hardness pattern extends 
cross the bearing to just shy of the fillet, and although 
the hardness after quench is 60 Rockwell C minimum, this 


a Fig. 7 — Macrostruc- 

ture of a Tocco-hard- 

ened crankpin bearing 
— SAE 1050 
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is drawn to approximately 55 Rockwell C to prevent grind- 
ing difficulties. Fig. 5 shows a typical crankshaft line of 
four units each for automatic processing of three or four 
bearings. Several bearings on each crankshaft are hard- 
ened and the crankshaft is then moved to the next position. 
One operator can run 25 crankshafts per hr, each with 13 
hardened bearings, approximately 2-3 in. in diameter and 
of similar width. Fig. 6 shows a close-up of one of the 
units —inductors automatically close around bearings and 
power and quench passes from one bearing to the next 
and then on to the next unit. Fig. 7 is a photomicrograph 
of a typical Tocco hardened crankshaft bearing. 

Considerable success has also been had with various 
analyses of cast iron for all sizes of diesel-engine cranks 
as well as compressor and pump shafts. Materials include 
proferall and meehanite. 


= Camshafts 


Forged and cast shafts have found their place in engine 
construction with advantages for both. Analyses vary 





a Fig. 8—Macrostructure of a pearlitic malleable cam 
— round inductor on 1920 cycles 


from pearlitic malleable castings to full alloy steel forgings, 
although it is questionable whether anything more than a 
sufficient amount of combined carbon to produce hardness 
is required. 

Hardness of cams, eccentric, and bearings is held to 60 
Rockwell C. Depth of hardness varies with types of ma- 
terial, with cast shafts running approximately 0.180 in. 
deep. Fig. 8 shows a cam from a pearlitic malleable shaft. 

Cast shafts for induction hardening have been made 
from steel or iron, with pearlitic malleable having the edge, 
based on use in passenger cars prior to the war. 

Forged shafts of standard SAE 1045 analysis are recom- 
mended, but due to high hardness requirements and obvi- 
ous use of water quench, steels of this type with a lot 
of residual alloys may introduce quenching problems. 
Further, the manganese content should be held to prefer- 
ably less than 0.80%. 


Fig. 9 is a standard automatic camshaft machine where 
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ma Fig. 9?—Close-up of battery of automatic camshaft 


hardening machines. Two shafts processed simultane- 
ously, with inductor indexing from cam to cam to gear 
to bearing 


the shaft is automatically indexed to bring cams, eccentric, 
and gears into position for hardening. 


m Piston Pins 


Due to the difference in design of piston pins, we must 
divide our use of induction hardening into two classes. 
One for treating straight bore pins and the other for those 
with irregular bores, heavy center sections, and so on. 

A straight bore pin such as a standard 1-in., OD, 3-in. 
long, '-in. wall pin can be inductively surface hardened 
on the OD to a depth of approximately 0.050/0.060 in. SAE 
1045 drilled bar stock or seamless, SAE 1045 tubing of 
correct dimensions may be cut to length, progressively 
surface hardened, end of bore tapered, and finish ground. 
The depth of hardness is controlled to provide sufficient 
soft stock in bore to permit machining of taper. Fig. 10 
illustrates an automatic piston pin fixture for surface hard- 
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This fixtu: 
A high power input pe 


ening such pins at 3600 per hr. 
any Tocco, Jr., machine. 
of surface area is necessary. 
Irregularly bored pins cannot be uniformly surface haa 
ened, due to variation in wall thickness. They ; 
ever, benefit greatly from the use of inductio 
by making them from a carburizing grade o 


can, how 


hardening 
"t 





Steel. Pin. 
are hardened progressively for surface hardness, core phye, 
cals, and case refinement. Fig. 11 shows automat; 
fixture for such an application. Low power input y. 
unit of surface area permits through and uniform heatigy 


of entire pin. 

Obviously, the same benefits obtained on 
irregularly bored pins can also be obtained with carburizes 
straight bore pins. 


m Rocker Arm Shafts 


The distortion obtained with conventional methods 
hardening of rocker arm shafts can be eliminated by adop 
ing induction heating. Material may be SAE rogs wi 
depth of hardness minimized by high power and shor 
heating time (one such shaft is hardened in 0.8 sec pe 
spot), or a carburizing grade of steel where a longer hex 
ing time and lower power is permissible, since depth o 
hardened area is then a function of carburized cas 


arburized 


— 


a Fig. !0-Progressive surface hardening SAE 1045 | * 7 
straight bore piston pin— automatic fixture for handling “On 
pins per hr 


either case, parts are completely machined pri 
hardening and only a small amount of stock finish groune 
as the last operation. Fig. 12 is a completely automa 
machine which processes 1000 shafts per hr, s! 
shaft. As one set of three shafts is quenched a: 
the other is heated, power alternating between s' 


m Rocker Arms 


Many designs of rocker arms are in use today, 
fully cast and forged parts as well as a coppet 
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a Fig Hardening carburized piston pins. Progressive through 
heating at any required production rate a Fig. 12—Rocker arm shafts — automatic indexing and discharge 
ods — 1000 shafts per hr —six spots per shaft 


adopt sembly consisting of two stampings and a carburized or 
- with SAE 1045 tip. For low production requirements, manually the savings in the cost of the solder alone was enough to 
shor loaded fixtures serve, but for higher production, automatic pay for the induction heating equipment in less than a 
ills iss the pads through an inductor progressively year. Undesirable working conditions associated with 
ice desired hardness and depth control. lead pots, fumes, and so on, will no doubt be forced out 


of the picture by labor’s insistence on the use of induction 
heating. 


a Spark Plugs 





Design changes in spark plugs have depended on the Special designs of fluid-drive mechanisms use bellows 
use of induction heating. Automatic indexing fixtures chambers to which is attached the coupling rings. Induc 
feed plugs through an inductor loop for a variety of opera- tion heating serves for silver soldering these as well as 
tions. These include heating of lip for crimping plug - simultaneously hardening the ring face. 
ary — pressure, and silver soldering of electrodes = Shafts and Pins 
. Water pump shafts, king pins, brake cams, differential / 
a Axles spiders, shifter rods, shifter forks, and so on, are processed . 
Conventional use of placing a hardened race or roller for surface wear resistance, single shots for narrow areas, 
assembly on the bearing of the wheel shaft may be elimi- or progressively for long areas. SAE 1045 serves well for 
nated. The shaft may be designed to full diameter and all with specifications set at 60 Rockwell C minimum, and 
an area hardened so that the shaft acts as its own bearing depth of 0.120/0.150 in. 
race and precludes the need for inner roller race. This 
application is another proof of the complete lack of dis = Gears ' 
tortion inherent with the use of induction heating — the Unfortunately, the exhibiting of parts and pictures, as 
earing surface is machined, ground, Tocco hardened, for example the gear shown in Fig. 14, has created an 


and then polished. See Fig. 13. 

As an adjunct to the manufacture of those shafts re 
quiring an upsetting operation, induction heating can do ais seers 
the heating at an overall less cost than by furnace methods, ae 


due to complete lack of scale, more accurate temperature 
control, and other items which are discussed later in this 
art cle 

The progressive surface hardening of the entire length 


xle will impart torsional strength to the shaft as 
as high wear resistance on the spline and bearing. 
the shaft may be completely machined prior to 





Soldering and Brazing 


T 


Du the wider acceptance of brazed parts, design 
round changes in the automotive field are imminent, since it is 
nat the ssible to take advantage of the tremendous cost 
Jexed \n application less obvious is the use of induction heat- 
1S ng tt soldering of the top and bottom head of 





emblies. Elimination of hand labor and incon 
ilts are obvious reasons for adoption of the 
ng | lowever, one manufacturer has found that he 
the amount of solder used to such a point that 


m Fig. 13—Surface hardening bearing races on axle shafts — two 
parts treated simultaneously in one station while operator loads 
other station — heating cycle 2.! sec 
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a Fig. 14—Contour hardening of a 4-in. diameter, '/2-in. face 
spur gear with 450,000 cycles 


erroneous impression as to the possible uses of induction 
heating for the hardening of gears. This part, 4-in. diam 
eter, 4-in. face, was successfully contour hardened with 
450,000 cycles. The skin effect of the high-frequency cur- 
rent is quite apparent, but only because of the coarse pitch 
and the consequent wide tooth spacing. Higher fre- 
quencies are needed to obtain a more pronounced skin 
effect but were we to process a fine-pitch gear and intro- 
duce almost uniform energy over the entire surface, the 
depth of hardness would be greater on the sides of the 
tooth than at the root due to the lesser volume of metal 
beneath the surface in proportion to surface area. On ex- 
tremely fine pitches we must, therefore, anticipate through 
hardening of the teeth. This condition makes it practically 
impossible to contour harden a fine-pitch gear effectively, 
regardless of power or frequency. We believe that con- 
tour hardening, approaching uniform depth of hardness, 
is limited to gears of less than 5 to 7 pitch. 

Extremely coarse pitch gears can naturally be contour 
hardened with lower frequency. See Fig. 15, which is a 
26-in. diameter by 5-in. face, 275-lb final-drive gear hard- 
ened with 9600 cycles. Finer pitches in general require 
higher frequency. 

Assuming that we have been able to harden the surface 
of a gear within the limits described above and require 
the frequency of a vacuum tube oscillator, we cannot 
process large gears because of power limitations. Based 
only on pitch diameter and width we should not use less 
than 5 kw per sq in. to obtain rapid heating by induction 
and minimize thermal heat flow. This, therefore, limits 
us to gears of less than 10 sq in. in area with but 50 kw 
obtainable from currently available equipment. 

Many large gears are being hardened with power inputs 
so low that heating times run to many minutes. Under 
such conditions the benefit of the skin effect of the higher 
frequency of the spark gap or the vacuum tube oscillator is 
lost. From an overall cost standpoint, the motor-generator 
equipment is to be preferred. 

Transmission gears are heat-treated to a variety of speci- 
fications and from many grades of steel. Some manufac- 
turers get by with a 40 carbon analysis hardened through- 
out to 50 Rockwell C, while others insist on high surface 
wear resistance obtained from carburizing or cyaniding. 
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mn Fig. 15—One tooth from a 26-in. diameter, 5-in. face Tocco 
hardened gear — readings are Rockwell C—note surface hardness 
and gradation to core 


We do not propose to specity any one means of taking 
advantage of induction heating, but do offer the following 
* recommendations: 

We have matched operation of some carburized gears 
with material of 40/45 carbon where the teeth have been 
hardened to approximately 58 Rockwell C leaving a slight 
core in each tooth but with hardness extending across the 





m Fig. 16 — Unit for shrink fitting ring gear to flywheel - hydrosts 
ram lowers gear from inductor, presses on wheel, and holds while 
quenched into place 
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gears function successfully with teeth through 
‘5 well as intervening root, but with hardness 
55 Rockwell C. 
rtain conditions, we may need higher surface 
:nd no compromise can be reached which will 
use of induction hardening of a full hardening 
|, with pitches too fine to be contour hardened. 
He wever, tremendous savings are possible through the 
use of carburizing analyses which can be com- 
ichined prior to induction hardening. Since the 
fined to the teeth, no distortion problems are 
and a contour hardened gear is produced 
formity of results and at cost savings which 
use of the induction process. 


“St y designed inductors and higher frequency are 
sed irdening the clashing face of the teeth on fly- 
. wi x gears. Others harden with low frequency 
throughout the entire tooth section. Material is generally 
SAI 
Shrink fitting of ring gears to flywheels has shown 
( economies where the ring is heated, placed 
wheel, and quenched into place, all automatically. 
co See Fig. 16. Temperatures vary, in some instances the 
ness rear teeth are hardened at the same time, whereas on others 


s heated for expansion only. 


w Valves 


With the wider use of induction heating for forging 


ations, it is only natural to expect its ready adoption 


«Fig. 17 - Automatic heating fixture for feeding slugs at selected 
temperatures to upsetter, extruding press, and so on. Production 
from single or multiple feeder can more than supply one or more 
Presses at maximum operation rate, several thousand slugs per hour 





lanufacture of automotive and aircraft valves. 
Pars are ted to a shear or cut-off and the slugs subsequently 


passed through another coil for heating for extrusion. 

} , eS. ‘ : 

~quiy is automatic and synchronized with press 
er T . om Sy . c - ' 

opera rig. 17 illustrates a typical feeder for handling 


n. diameter by 1%-in. long slugs at 2000 per hr, 
) . - 
( 2100 F 


if 


Discharge from end of inductor is 
e directly to the press. 


rye 


ing operations are also performed on in 


aulic t pment as needed for forming of special valves, 
while oP 
Heat-Tre tment of Interna! Surfaces as App! { t 
ries,” by H. E. Somes: presented at the SAE W 
Meeting, Detroit, Jan. 9, 1945 











including that delicate job of closing after filling with 
sodium. 

Tip hardening is obvious and as precise a reproducibility 
of results cannot be obtained with any other method. Ma 
chines for high production are designed to carry valves 
through the heating inductor into quench at a rate of sev 


’ 
1 


ae 


a Fig. 18—Hardening tips of large valves—steel analysis varies 
for different facilities, but in general use a silichrome tip —two 
valves per station, 2500 per hr 


eral thousand per hour. Fig. 18 is a unit for valves r 
quiring manual loading, but since equipment has three 
stations which operate in sequence, each station accom 
modating two valves, production approaches 2500 per hr. 


m Axle Housings 


Although not in general use, induction equipment is 
recommended for heating of tubes for upsetting of flanges 
and for forming of rear end banjo. 


mTappets and Push-Rods 


Pre-war design of tappets involved the use of a chilled 
cast-iron base to which Was copper brazed a cupp d sectiol 
of SAE 1340. The inside of this cup was Tocco hardened 
(leaving lip soit) to provide wear resistance against the 
push-rod. See Fig. 19. Under present consideration ar 
tappets made entirely ofa hardenable analysis of cast iron 
Also, available for test in the immediate future are tappet: 
identical in design to the pre-war models but where the 
cup will be induction hardened as heretofore, but at the 
same time and in the same operation, silver brazed to th 
cast-iron cylindrical base 


luctic nh hard 


Push-rods are completely finished and in 
ened on the ends with complete lack of distortion. Mate 
rial may be of full hardening analysis and end contoured 
with high power input or a carburizing grade which can 
be treated with low power. Finish polish or grind is the 
only additional operation. 


@ Internal Hardening 


[his paper has been devoted to applications where th 
energy is supplied through an inductor which surround 
the work. We are also doing internal processing involv 


brazing, surface hardening, and so on, but details of thi 
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a Fig. 19— Hardened push-rod seat on automotive tappet. Chilled 
cast-iron tube is copper brazed to SAE 1045 cup which is hard- 
ened when dial feeds carry open end through inductor 


will be left to H. E. Somes, who discusses the use of in- 
duction heating for processing of parts internally.‘ 


= Tool Tipping 


The more dependable and less costly tipping of tools by 
the induction method has lent impetus to their wider use. 
For machining operations which permit the use of carbide 
we will, find almost universal acceptance of tipped tools. 
Further, high-speed tips may be brazed with silver alloys 
with controlled heating which does not draw back the 
hardness of the already hardened tip. Heating times run 
from 5 to 60 sec, depending upon size of tool and tip and 
available high-frequency power. A standard available 
fixture handles up to 2 x 2 in. cross-section. Higher melt- 
ing alloys, including copper, result in longer heating times. 


= Conclusion 


With labor costs at their highest level and willingness to 
work at the lowest in the history of high productive manu- 
facturing industries, the only chance for a return to pre- 





aFig. 20- 
Machine for 
continuous 
heat-treating 
of bar stock 


ngle 


indies 


tonnage 


war price levels will be through the adoption of process, 
and techniques which will reduce the man-hour and Mate. 
rial charges per unit or per assembly manufactured, |p, 
duction heating will fill such a need. 

In forge shops, induction heating makes possible th. 
fuller use of available capacity on presses, upsetters, 
forges by keeping a continuous stream of slugs coming 
to the operator. Overall costs are reduced if we take into 
consideration the fact that with induction heating we hay. 
power costs present only when material is being run - po 
holding of furnaces at heat while a press is down - x 
overheating or scaling during normal run or hold periods - 
no waste energy bringing a furnace up to temperature o; 
allowing it to cool—no expensive ventilating systems t 
improve working conditions which will be insisted upop 
by the workers -— elimination of standby crews —accuray 
temperature control and a minimum of floor space. 

If a sufficient amount of equipment could have been 
made available, more wartime shell manufacturers would 
have used induction heating. Fortunately, most of these 
companies were able to obtain equipment and its use has 
aided tremendously in the war effort. Technique involved 
heating of slugs for piercing, heating of shells or tubes for 
nosing by spinning, forging, or swedging at temperatures 
required. Automotive manufacturers may well look into 
the potential uses of this method of forming parts and the 
inherent economies obtained through the use of induction 
heating. 

Some brazed assemblies which replaced complicated 
forgings or castings have proved less costly. These com 
prised simple subunits either forged or cast or, in many 
instances, stampings. In addition to the rocker arm men 
tioned, we assemble bushings and flanges on shafts, build 
up distributor cams from plates, and other work which, 
because of confidential development programs, cannot i 
revealed at this time. 

Surface hardening of all parts requiring such processing 
is apparent as to its economies — elimination of distortion 
and scrap losses as well as inherent lower manufacturing 
costs. Although most parts surface hardened are of a full 
hardening analysis, many are carburized all over and then 
only the requisite areas hardened, eliminating high plating 
costs, machining off excess stock, to say nothing of the 
elimination of distortion which, in many cases, permits 
complete finishing prior to hardening. 

Through heat-treatment of bars to impart machinability 
and physicals to stock used for pins, bolts, and so on, 's 
one of the most recent uses of induction heating. A bar 
or a tube, regardless of length, is passed at controlled rates 
through an inductor assembly having a specific power 11 
so that it is heated uniformly throughout to a hardening 
temperature. Its forward motion carries it into a qu‘ 
ing chamber from which it emerges in a fully harde 
condition. Continuing, it then passes through another 19 
ductor which, by control of power input, will 
any preselected drawing temperature, then to a qu 
manifold to cool for handling. The end product is clean, 
straight, and with a perfectly uniform sorbitic ture 
throughout its cross-section, from one end of a | 
stock to another and from one piece to the nex 
furnace operation cannot match such conditions 
they be completed at costs as low as with the T« 
ment. Further, a single bar can be treated at 
cost as one of a batch of hundreds of bars wh 

concluded on page 391 













iput 


386 SAE Journal (Transactions), Vol. 53, 





~ ie 
iQ 


ids = 


~ 
3 


deen 
ould 
hese 

has 


lved 


ting 
the 
mits 











HIS discussion of CRC outlines topically the 

content of its activity, touches upon the de- 
velopment of its organization, and illustrates two 
phases of its work, the formulation of test pro- 
cedures and the impetus to the development of 
new products. 
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Review of 


COORDINATE 
COUNC 


NG RESEARCH 
IL ACTIVITIES 


by C. B. VEAL 


Manager and Secretary 


Coordinating Resea 


HIS year the Coordinating Research Council received a 

gratifying testimony to the merit of its accomplishments, 
the Ordnance Distinguished Service Award. 

[he achievements which evoked this award have been 
those of the organization’s host of devoted, industrious, 
ind resourceful committee and group members. They 
were made possible by the understanding and support of 
is two sustaining members, the American Petroleum Insti- 
tute and the Society of Automotive Engineers. 

Undertakings carried out at the request of and in co- 
operation with Ordnance form only one portion, although 

important one, of the sphere of CRC. It embraces 
most 300 active projects and the services of 1500 ¢bm- 

ttee and group workers. A complete history of such 
ctvity cannot be encompassed in this paper. Only a 
keleton outline of the Council’s far-flung and varied 
research will be presented, and, in more detail, the devel- 

its organization during the past year, and two 

standing, and perhaps unique, phases of its work. 


® Topical Outline of CRC Year 


Coordinating Lubricants Research Committee—'The 
a 


Engin | Division of the Coordinating Lubricants 
ese ommittee is studying, for motor oils: oxidation, 

rature characteristics, SAE 50 grade oils, rust 
additives, foaming, stability, and 2-cycle engine 
ts; and is developing laboratory and full-scale 
ires for aviation oils. 

eral Division is developing an all-purpose gear 
| investigating cold-weather behaviour of gear 


coor r was presented at the SAE National Fuels & Lubricants 
, Nov. 9, 1944.) 
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oils. It has completed 16 of 35 grease projects and has in 
progress three on hydraulic brake and hydraulic shock 
absorber fluids. 

Coordinating Fuel Research Committee—The CFR 
Motor Fuels Division’s full and varied detonation program 
includes laboratory testing and determination of full-scale 
engine requirements. Under volatility, vapor lock, equi- 
librium air distillation, and civilian fuel requirements are 
being studied. The Gasoline Additives Projects have con- 
ducted comprehensive and detailed laboratory and field 
storage tests. National, semi-annual surveys are made of 
motor gasolines commercially available. Other topics of 
investigation are: distillate fuel for tractors, sulfur limits, 
and a prototype motor gasoline. 

The Aviation Fuels Division is developing laboratory, 
full-scale, and flight detonation test procedures, and accu- 
mulating data on detonation performance. Vapor lock 
projects are: fuel evaporation loss during high-altitude 
flights, and its control; optimum fuel-line size; heat trans 
fer through fuel-tank walls; fuel-pump efficiency; fuel-line 
pressure and temperature data; aviation fuel surveys; stand 
ard reference flight data; air solubility in gasoline; vent 
losses; and fuel-system and carburetor behaviour. Corro 
sive characteristics, additives, volatility effects on perform 
ance, and cooling liquids are also being investigated. 

The Automotive Diesel Fuels Division is determining 
the required characteristics of a single universal diesel fuel, 
particularly sulfur and viscosity limits; and also the char- 


acteristics constituting a storage-stable, rust-preventive fuel. 
The Nonpetroleum Fuels Division is at present inactive. 


Coordinating Equipment Research Committee — The 
CER General Division is studying gear lubricants, hydrau 
lic fluids, greases, and the cold-weather operation of mili 
tary vehicles. 





Ord tion on research, with the consignment of standardizas;., 
nance Zati¢ 


and the holding of open meetings to other existing bod}, 


ished Sery; better qualified for such undertakings. The only soy, 
a fs"! ited, coctrine for cooperative research is that it heed, exclusively 
This bs Wary technical considerations; in standardization, commer, 
practicability is an important factor. The work of the ( R 
has only technical objectives; its organization 
provides for commercial representation. Its con 
to technical requirements to be met in a product, or p; 
visions for a testing procedure may be, and often hay, 
presented Lo adopted as standards by other organizations; but 
Coordinating Research Council on commercial acceptability, which is inherent in g 
standard, is strictly outside the province of the ( 


ne 





8) 


(( Yn recognition of culsdanding 


it 


Similarly, the holding of open meetings does not 


and merdonious a advisory within the province of CRC. It is strictly a working or, 
a vo , for Hhe ization, serving the technical requirements of the 
development, manufacture and ang . at ap , 
, ~ ; motive and petroleum industries. Its committee and 
maintenance of Ordnance matercel. ; : 
meetings are attended only by those actively engage 
oF Litheriyed 2» July 1944 the specific research projects under consideration at s 


meetings. However, material developed by the CR 
frequently released to serve as a basis for papers present 
before technical societies. 


B Simplicity of Organization 


Another CRC trait that is being strongly developed 
simplicity of organization, with no hypothetical organ 
tion items, as few as possible overhead bodies, and pro 
nence reserved for the groups actually doing the resea 
No topic is placed on an organization chart unless a proj 
initiated at the request of a responsible source, is u 
way; supervisory bodies are reduced to the minin 
necessary to prevent duplication or overlapping of efi 
The pattern for this type of organization was derived | 
the Cooperative Fuel Research, which formed the nuck 
of the CRC, whose 22 years of experience attested its | 
dom. Its simplicity facilitates the speed needed in wartim 
research. In line with this tendency, the Coordinatir 
Lubricants Research Committee recognized certain 
adjustments which two years’ experience had reveale 
the “paper structure” agreed upon initially as a framew 
for its activities. A realignment of its projects was co! 
sidered thoroughly in a series of CLR Assignment Gr 
meetings and approved by the CRC Board of Director 





The Engine Division numbers among its projects: deto- 
nation in military engines, octane requirements of civilian 
vehicles, 2-cycle engine use of high-lead-content fuels, pis- 
ton and ring design effects on sludge ring-plugging, and 
oil-filter testing. 


Uniformity in the handling of routine or detail 
a characteristic uniformity of expression are also 
achieved. For example, when the Cooperative Fuel 
search became part of the CRC, it maintained its 
machinery for initiating projects dealing with aviation fue 





The Operation and Maintenance Division has concen- 
trated on achieving satisfactory service for civilian cars 
under wartime restrictions and the feasibility of raising the 
50 and 90% points and the sulfur limits of civilian fuels. 


and lubricants, whereas requests for research on all oth 
topics were referred initially to the War Advisory ‘ 
mittee. During the past year, aviation fuels and lubr 
problems have been added to the scope of the War Ac 

° ° . £s ittee < » > sls f se Committ 
© Development of CRC Organization sory Committee and the membership of the 


enlarged to represent the broader interest. 
Since its establishment on May 1, 1942, the CRC has 


been constantly straining to meet urgent wartime demands ° ° 

It has had no time for spontaneous, introspective character ™ Code Designation System 
building. Still, the pressure of external demands and 
enforced accelerated activity have molded the organization 
into a homogeneous, outstanding personality perhaps more 
successfully than would conscious direction under more 


Another instance is the recent formulation « 
designation system for all CRC test fuels and lubrical 
test equipment, and projects. This developed from req! 


‘ from the Petroleum Administration for War, the A" 
leisurely circumstances. Air Forces, and the Navy Bureau of Aeronautics that ! 
One characteristic of the organization has been con CRC establish principles and procedures for obtaining 
tinuously and consistently emphasized, that is, concentra- distributing reference and test fuels and lubricants speci 
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mmittees. The necessity for easy reference for the 
n question and for secrecy for certain confidential 
was the basis of these requests. The first requi- 
for such a purchase system was a catalog type of 
tion letter and number designation. To make such 
signations significant, a uniform interlocking code, in- 
provision for date of origin, was worked out for 
items, such as test equipment and projects. 
[his code is more than a device for facilitating routine. 
With it, the designation by trade names of research equip- 
used in CRC work is avoided, as is, of course, desir- 
In the future, no equipment will be recognized for 
CRC research purposes until a tentative procedure for its 
eration has been -formulated; the equipment will then 
nit derive its designation from the procedure. The code pro- 
7 § vides an identifying badge and an historical capitulation 
ar for all CRC activities. It furnishes a reminder that no CRC 
es project is an isolated undertaking, but part of a diverse, 
* harmonized program of research adapted to the current 
needs of the automotive and petroleum industries. 

effort \ second instance of characteristic uniformity of expres- 
fror sion is the recently issued 1944 CFR Handbook. All cur- 
acl it CFR fuel test procedures, 18 in number, were edited 
§ Wis with the objective of uniformity in style and presentation, 
irtime nd included in the Handbook. Some of the pertinent 
t mental data developed by the CFR in its 24 years of 
e, and a nine-page classified bibliography on CFR 
up the remainder of the 300-page volume. Care was 
ewor! levoted to details of printed presentation, so that this first 
$ CO! CRC publication might serve as a pattern for those to 
[wo such publications are now in preparation, 
CFR Operation and Maintenance Manuals, one ap- 
le to the Research (F-1), Motor (F-2), and Aviation 
o ), knock-testing units; the other applicable to the 

el Re ipercharge (F-4) knock-testing unit for aviation fuels. 


n fuel = CRC Test Procedure Practice 


C first phase of CRC activity which will be 
va ented on illustrates the organization’s method of 
¥ peration. It is the development and application of test 
*st procedures are confined to one type — those that 
1 connection with the use of fuels and lubricants in 
ve and aeronautic equipment. Phases of both 
n and usage enter into the formulation of such 
7 pr res, and the CRC, representing both the petro- 
cat : automotive industries, encompasses both of these 
equ ts. Further, since production and usage are fluid 
Arm\ , test procedures applicable to them, while they 
vat t ¢ xed in principle, must be continuously controlled 

Q n to maintain their validity for current design and 
ifed cperation. The CRC follows up the test procedures it 
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formulates, instrumenting them for workability and check 
ing their results. 


m Test Equipment Designed 


CRC designs engines and instruments used in its pro 
cedures, or studies and approves existing equipment; pro 
vides for the production of its designs, and maintains 
continuing supervision over them. For example, CFR 
knocktesting units have behind them a history of 20 years 
of such development. They are found in laboratories of 
every country where petroleum fuels are used for auto 
motive purposes in significant quantities. The CFR engine 
owners list shows 763 of these units in operation, 

As a further aid in detonation testing, the CFR 1s 
investigating, and has made comparative tests of, knock- 
meters or equivalent instruments. CFR has also developed 
a field model apparatus for the determination of gum in 
gasoline and a simplified apparatus for measuring the air 
content of gasoline in vapor-lock studies; and has ap- 
proved a smokemeter for testing diesel fuel and engine 
performance. 

The Coordinating Lubricants Research Committee is 
developing the Cooperative Oil Test Engine and the 
Cooperative Universal Engine for aircraft lubricant testing; 
and is surveying the engine testing equipment now in use 
for evaluating motor oils, with the objective of selecting 
and developing those engines best suited for particular 
phases of oil evaluation. 

The CLR General Division is designing apparatus for 
performance tests of wheel-bearing lubricants. 


@ Operation and Maintenance of Equipment 


Producing and distributing necessary test equipment is a 
first step in ensuring the practicability of a test procedure. 
The next is to provide for the operation and maintenance 
of the equipment. For CFR knock-testing units, as has 
been mentioned previously, two operation and maintenanc« 
manuals are now being prepared for publication. In addi- 
tion, six regional meetings, in which Operation and Main 
tenance Groups of the Aviation and Motor Fuels Divisions 
will participate jointly, are now being scheduled for the 
fall and winter months. CFR engine operators may here 
freely discuss their operation and maintenance problems 
and benefit from an educational program designed to 
improve testing technique. On the specialized item oO 
valve maintenance, six projects are under way. 

The Coordinating Lubricants Research Committee also 
provides operation and maintenance instruction for test 
equipment. This is exemplified by an eight-day meeting 
of the Cooperative Universal Engine Group, which dealt 
with the operating technique of that unit. 


w Test and Reference Fuels and Lubricants 


Properly designed, operated, and maintained test equip 
ment being provided for, a further requirement for making 
test procedures readily usable is an ensured and adequat 
supply of test and reference fuels of specified character 
istics. CRC has accepted the responsibility for obtaining 
and distributing such material as is specified by its com 
mittees. At present 86 test and reference fuels and 11 test 
and reference lubricants are being so furnished. 


m Reproducibility of Test Results 


After fully providing for the operation of a test pro 





cedure, CRC maintains contact with it by checking the 
reproducibility of its results and their correlation with 
service performance; and statistically analyzing accumu- 
lated test data. 

Checking the reproducibility of results is an integral 
part of the development of any test procedure. However, 
since CRC procedures deal with the use of current products 
in current equipment, such checks must be made at inter- 
vals to determine to what extent changing factors of pro- 
duction or usage are introducing any adverse effect into 
the operation of the procedure. A very complete checking 
system applies to the knock-rating procedures for motor 
and aviation fuels, and to the cetane-number rating of 
diesel fuels, since in these tests so many factors of fuel 
characteristics and equipment are summed up. In each of 
the three classifications, an Exchange Group of selected 
laboratories rates a given set of samples each month. All 
owners of CFR knock-testing equipment for motor gaso- 
line and cetane-number-rating equipment for diesel fuels 
are permitted to take part in Semi-Annual Exchange Tests, 
and participation in these tests is world-wide. In control- 
ling the quality of fuel for military use, the Petroleum 
Administration for War has urged laboratories rating fuels 


to check the reproducibility of their results through 
Exchange Groups. 


= Correlation of Test and Service Results 


Correlating test and service results has been an impor- 
tant activity of CRC, both because of the nature of its tests 
and the particularly high qualifications of its groups for 
this type of job. War conditions have made such checks 
of little value in the case of passenger-car engines, but have 
emphasized their necessity in relation to aircraft engines. 
The correlation between flight and test-stand detonation 
testing and the evaluation of current laboratory antiknock 
specification test methods are among the objectives of in- 
tensive testing by all groups working on CFR-AFD deto- 
nation projects. Seven aviation fuels representative of 
current and future production are being tested in flight, in 
full-scale single-cylinder and multicylinder engines, and in 
supercharged laboratory test engines. 

The Gasoline Additives Group of the Motor Fuels 
Division is also studying correlation of laboratory predic- 
tion and service performance. Laboratory and field storage 
tests will check the soundness of present stability require- 
ments in specifications and assist the Ordnance Department 
in procuring gasoline that will remain stable in all theaters 
of operation under the most severe storage and temperature 
conditions. 

Similar correlation studies are being made by the Co- 
ordinating Lubricants Research Committee in a number of 
its projects. For example, its investigations of crankcase-oil 
oxidation characteristics include a detailed report by CRC 
observers of Ordnance oil stability tests at Camp Seeley, the 
Desert Proving Ground. 

A group on low-temperature characteristics of engine 
oils, having completed its original Ordnance Department 
assignment, is continuing its test correlation studies. In 
particular, it is seeking the basis for a pour-point require- 
ment for grade ro oils that will provide maximum fluidity 
at low temperatures and eliminate the development in oils, 
in storage, or standing in engine crankcases at fluctuating 
temperatures, of pour points higher than obtained on these 


oils by the procedure provided by the American Society for 
Testing Materials. 
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.The CLR Rust Preventives Group is studying rug 
preventives in service to determine whether a Proposed 
laboratory control test correlates with field performang, 
and, if possible, to improve laboratory methods of predic. 
tion. Projects have been established for the improvemen 
of the humidity cabinet, salt water immersion, acid neutral. 
ization, and engine performance tests. 

Three CLR projects deal with crankcase-oil stability 
bench testing. The correlation of such tests with full-scale 
engine performance has been checked, and appropriate 
groups are seeking to improve and develop the Lausoy 
engine as a test instrument, and formulate a precise tex 
procedure for its use in evaluating engine oils. 

The CLR Universal Gear Lubricants Groups have bees 
assisting the Army Ordnance Department to develop the 
requirements of and suitable procedure for evaluating al. 
purpose gear lubricants. They have studied tests for oxida 
tion, foaming, rusting, extreme-pressure characteristics, and 
compatibility, as well as high-speed axle tests conducted at 
the Ordnance Research Center and low-speed, high-torque 
axle qualification tests run in the laboratory. For a road 
service check in military equipment, 15,000-mile endurance 
tests on a few selected experimental lubricants have been 
carried out in conjunction with tire tests on Ordnance 
trucks. 

A project on the storage stability of aircraft greases has 
been undertaken to establish correlation between results 
from laboratory stability tests, including bomb oxidation, 
and the shelf life of aircraft greases. 


w Statistical Analyses of Accumulated Data 


The validity of a test procedure may be confirmed 
further by statistical analyses of accumulated data obtained 
by its application. For example, three statistical analyses 
have been made of results obtained in the CFR Motor 
Exchange detonation tests, including 15,491 tests on 418 
fuels, and covering the period from 1934 to 1942. 

For aviation fuel knock-testing, a 122-page report em- 
bodies a compilation and appraisal of full-scale engine 
detonation test data existing at the time of its preparation. 
More recent multicylinder and full-scale single-cylinder test 
data not there compiled are being collected and analyzed 
for 2 supplementary report. 


m Development of New Products 


CRC practices in the development of test procedures was 





“To encourage and promote the arts and sclences in di 





recting 
scientific cooperative research in developing the best combina 
tions of fuels, lubricants and equipment powered by interna’ 
combustion engines; to promote, coordinate and correlate 
cooperative research on petroleum products and their applic 
tion to and utilization in automotive and aeronauti¢ equip 
ment ; and to afford means of cooperation with the governmen 
on related matters of national interest.” 
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its activity thought to be of particular interest; 
the stimulation given to the search for new 
* che design of new equipment, or the adaptation 
or equipment to current conditions. A few 
| be mentioned. 
The | Rust Preventives Group found that no product 
al the time of its investigation could meet the 
wire s which it set up. However, the petroleum 
lustry able to develop rust-preventive oils embodying 
e cha ristics deemed necessary by the Group. 
~§ study of 2-104 engine oils in the small 2-cycle station- 
sry Signal Corps engines enlisted the cooperation of CLR 
‘nd Coordinating Equipment Research groups. The 
oroblems involved were solved through conferences at- 
ended by representatives of the Corps of Engineers and of 
companies supplying the equipment. As a result of 
these, the engine manufacturers agreed to carry on research 
improve the operation of their engines. 

\ peculiar problem arose out of our South Pacific mili- 
tary operations — the deterioration of equipment resulting 
‘rom fungus growths. Greases are now being developed 
containing an antifungus constituent that will not decrease 

.e lubricating quality of the greases nor introduce any 
harmful effect. 

The possible use of chloroform as a supplementary addi- 
tion agent for U. S. Army All-Purpose Motor Gasoline was 
investigated and reported on by a group of the Coordinat- 
ng Fuel Research Committee. The report was drafted 
for transmission to the British Petroleum Control Board 
through the Chief of Ordnance. It answered a request for 
nformation on the proposed use in Great Britain of an 
additional halogen in gasoline to alleviate engine operating 
lifficulties in British civilian equipment. 

The detonation tests on seven specially selected aviation 
fuels in flight and in full-scale and laboratory test engines 
have been mentioned in another connection. Since the test 
tuels will represent proposed future as well as current pro- 
juction, the tests are expected to produce data on which 
ircrait engine development may be based. 

In its study of cooling liquids, the CFR Aviation Fuels 
Division has four projects on new coolants. In addition to 
leveloping test methods, the interested groups have ac- 
pted responsibility for suggesting new compounds as 
rossible coolants. 


o 


_ The reduced fuel supply for automotive use, particularly 
tor civilians, has prompted inquiries from the Petroleum 
iministration for War on the feasibility of changing 
tain restrictions now applicable to civilian fuel. Data 
inswering such inquiries have been developed jointly 
the Coordinating Equipment and Fuel Research Com- 
nittees. Specifically, the inquiries related to raising the 
limit from 0.1 to 0.4%, decreasing the octane num- 

er [rom 72 to 70, and raising the 50 and 90% points. 
ror diesel fuels, also, the validity of existing specifica- 
being questioned. The CFR Automotive Diesel 
ision is preparing a report on the performance of 
etane-number fuels as revealed by dynamometer 
‘room tests on full-scale engines, field tests at 
‘y, and service experience under severe winter 
it the TAC Winter Test Command. It is also 


g permissible sulfur limit and viscosity ranges 


els, 


ning engine development is of particular interest 
rdinating Equipment Research Committee. Data 
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of assistance in such studies are contained in the national, 
semi-annual surveys of commercially available gasolines 
made by the Coordinating Fuel Research Committee. In 
looking toward the future, a pattern of probable post-war 
fuel will also be helpful. Such a pattern has been furnished 
by the War Advisory Committee in the recent establish- 
ment of suitable limitations on the characteristics of a 
prototype or reference fuel for ground vehicles. 


m Limitations on CRC Report 


This discussion of CRC has only outlined topically the 
content of its activity, touched upon the development of its 
organization, and illustrated two phases of its work, the 
formulation of test procedures and the impetus to the 
development of new products. These phases have not been 
explored fully, and others have not even been mentioned, 
for example, that concerned with actual qualities and per- 
formance of existing fuels, lubricants, and equipment. 
Space is lacking, and, because most CRC information is 
being assembled in connection with military supplies, 
equipment, and usage, its publication is restricted. How- 
ever, the CRC is mindful of the painstaking, arduous, and 
fruitful effort put forth by all of its groups. Their story 
may not now, or may never be told, but their accomplish- 
ments are being shown forth on our battlefronts, and will 
be attested to again when the knowledge and training 
gained in cooperative research will enable them to meet the 
exigencies of our peacetime future. 





Tocco Hardening 


continued from page 386 


have been run as a lot. In other words, steel mills can 
run special small lots for customer requirements which are 
at present prohibitive if a furnace must be put into opera- 
tion. 

Fig. 20 is a bar unit for handling - to 2-in. stock, 
heated, quenched, and drawn at any selected temperature 
at a rate of 250 lb per hr. Several such units operate 
together to provide needed production requirements. Heat- 
treating costs for power, labor, overhead are only $15.00 per 
ton which is half the mill price. 

Although already accomplishing results which are classed 
as phenomenal, induction heating is just embarking on an 
avenue of development which appears to have no end. The 
rapid advances which are being made in scientific knowl 
edge, and consequent improvement in the application of 
all phases of technology, and the extension of this knowl 
edge to so many new products and procedures create a 
continual demand for the progressive changes which of 
necessity must occur. Careful analysis alone can determine 
the principles on which a new idea might be constructed, 
and prudent application of these ideas to the fulfillment 
of a need of some specific purpose is essential. Induction 
heating is here to fulfill such needs. 
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— here are the methods of applying 
the temperature —V/L relationships to the 
analysis of data resulting from actual vapor- 
lock tests. 


Particular consideration is given: 


|. To evaluating a fuel system in terms of the 
fuel of highest volatility on which it will operate 
under specified conditions. 


2. To establishing a satisfactory specification 
for fuels having distillation and vapor-pressure 
characteristics different from the fuels employed 
in the vapor-lock tests. 


3. To determining what conclusions can be de- 
rived from different items of test data. 





APOR lock occurs when fuel vapor forms in the fuel 

system of a vehicle to such an extent that it disturbs 
the flow of liquid gasoline enough to interfere with normal 
engine operation. 

From past experience it is known that gasolines differ 
in their tendency to form vapor and that fuel systems differ 
in their tendency to promote vaporization as well as in 
their ability to handle vapor. Thus, in a consideration of 
the occurrence of vapor lock it is important to know some- 
thing about the vapor-forming characteristics of gasolines, 
the vapor-handling capacity of fuel systems, and the fuel 
system conditions that tend to promote vaporization. 

The vapor-forming characteristics of a gasoline in a 


{This paper was presented at the SAE National Fuels & Lubricants 
Meeting, Tulsa, Nov. 10, 1944,] 

1 See SSAE_ Transactions, Vol. 52, August, 1944, pp. 364-367: “A 
Correlation ot the Temperature-V/L Characteristics of Motor Gasolines 
with Inspection Test Data,’’ by W. Aldrich, E. M. Barber, and A. 
E. Robertson. 


Temperature- V/® 


1 


closed system can be described by a curve relating th 
temperature to the amount of vapor, the amount } 
being expressed as the ratio of the volume of vapor 
volume of liquid in the system, that is, the V/L rat 
Such curves are designated as temperature-V /L 

An earlier paper’ presented an outline of the 
measuring temperature-V /L curves and a correlatio1 
estimating those curves from Reid vapor pressure (1 
and ASTM distillation data. 

The present report is concerned with methods of 
ing the temperature-V/L relationships to the analy 
data resulting from actual vapor-lock tests. Part 
consideration is given: (a) to evaluating a fuel syster 
terms of the fuel of highest volatility on which it v 
ate under specified conditions; (b) to establishing a sat 
factory specification for fuels having distillation a 
pressure characteristics different from the fuels 
in the vapor-lock tests; and (c) to determining 
clusions can be derived from different items of test 

In addition to these primary matters, some attention ha 
been given to planning the analysis procedure so tha 
most information can be derived from a given an 
test data, and to the always present problem of adjust 
the experimental results to atmospheric temperatures ¢ 
than those at which the tests were operated. A third pl 
of the vapor-lock problem is recognized, namely, that ‘ 
analyzing a defective fuel system to establish 
measures to improve the vapor-lock limitations. ‘The pr 
ent data analysis methods are useful, in this cé 
for locating the limiting component in the syste: 
choice of remedial measures, however, may requi! 
tailed investigation of the limiting component, 
investigations have been considered outside of th 
this report. 


m Curves for Typical Gasolines 





The effect on temperature-V/L curves of indeper.dent} 


tc 16 


varying Reid vapor pressure, 10%, and 50% points 
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//miaracteristics of Motor Gasolines 


(Vaporization Characteristics Group - CFR Motor Fuels Division) 





ownin Fig. 1 for several typical gasolines. Graph 1 of 
z. 1 shows variations of the temperature-V/L curves for 

e gasolines, all of which have 8 psi Rvp and 140 F at 

> evaporated. Graph 2 of Fig. 1 shows the variations 
the temperature-V L curves for six gasolines, all of 
vhich have 8 psi Rvp and 220 F at 50% evaporated. 
Graph 3 of Fig. 1 shows the variations of the temperature- 
rves for five gasolines of varying Rvp, all of which 
ve 140, 165, and 220 F at 10, 20, and 50% evaporated, 
tively. These three graphs represent about the ex- 
commercial range that is liable to occur with the 


fxed variables that are indicated. 


a Fuel System Characteristics 
When a vehicle is in operation, heat 
the fuel system, with the result that it 


is transferred to 
usually attains a 


temperature somewhat higher than that of the atmosphere. 
Temperature is not uniform throughout the fuel system 
but is usually highest at the fuel pump and carburetor 
which are closest to the principal source of heat, the engine. 
Fig. 2 shows, schematically, a typical fuel system and in- 
dicates a typical variation of temperature with position in 
the fuel system. 

Pressure also varies through the system, ranging from 
atmospheric pressure in the fuel tank to slightly above or 
below atmospheric at the fuel pump inlet and to a sub 
stantial positive pressure (2 or 3 psi) from the fuel pump 
outlet to the carburetor float valve and finally to atmos- 
pheric pressure in the carburetor bowl. Fig. 2 indicates a 
typical variation of fuel system pressure with position in 
the fuel system. 

Vapor-handling capacity is different for different posi 
tions of the fuel system and depends exclusively on the 
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a Fig. 2—Typical fuel system with typical temperature and vapor- 
handling capacity data 


selection and arrangement of the various parts of the fuel 
system. For example, in the fuel tank, vapor bubbles may 
rise into the space above the liquid gasoline, providing a 
high vapor-handling capacity for this component. On the 
other hand, the fuel pump has a limited capacity and all 
vapor appearing at the pump inlet must go through the 
pump. When the ratio of vapor to liquid volume going 
through the pump becomes too great, the liquid flow be 
comes insufficient to maintain engine operation. Fig. 2 
indicates typical values for the vapor-handling capacity of 
an idealized fuel system. 


Most actual fuel systems differ somewhat in detail and 
arrangement from the idealized one of Fig. 2; for example, 


the fuel tank may be pressurized so that the whole level 
ot pressures is above atmospheric; the fuel pump may have 
an external bypass to direct excess fuel back into the suction 


*? For convenience, pressure is considered to be atmospheric through- 
out the fuel system in this example. 


’ Many others could be selected as well, the line designated as Fuel 
4 in Fig. 3 represents another such possibility. 


*The procedure as outlined is comparable with the current CFR 
Vapor-Lock Test Procedure, CRC designation F-7; it stresses, however, 


those points that are most important from the data analysis point 
of view. 


5 The time of continued operation can be very greatly reduced’ by 
arranging to supply the fuel to the tank at approximately the tempera- 
ture attained by the tank under the representative running conditions 
as at the end of (a), and in this way the number of fuels run in a 
given operating period can be increased greatly. 


® Sampling the gasoline at the end of the test run refers the result 
to the gasoline in the tank, and this may be different from the gasoline 
supplied to the tank by the amount of the weathering loss incurred 
during the test run. 


THE AUTHORS: E. W. ALDRICH, E. M. } ARBER 
A. E. ROBERTSON, collaborators of several te “ae 
which have appeared in the SAE Journal, ar 

to write about fuels and lubricants chara 
which they have made extensive research 
Aldrich is now with the National Bureau S 
the Automotive Powerplants and Lubrication : 
Section; Mr. Barber is supervisor of engineering resear-h ¢.. 
The Texas Co.; and Dr. Robertson is with Standard Oj | 
velopment Co. as research chemist. 
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line or even back to the fuel tank; the fuel pump may by 
located near the fuel tank or two fuel pumps may be used 
one serving as a booster for the other. Whatever the varia 
tions in detail, the same three characteristics, temperatur 
pressure, and vapor-handling capacity are the essenti; 
features of the fuel system, as far as the occurrence of vapor 
lock is concerned. 


= Gasoline Vapor-Forming Characteristics 


It is clear that the temperature and pressure of the fu 
system are also the temperature and pressure of the fue 
in the system and therefore control the extent to which ; 
gasoline of given volatility will vaporize. 

Suppose that, as the result of an experiment, the pre: 
sures,” temperatures, and vapor-handling capacities at var 
ous locations in the fuel system of a vehicle have been 
determined as shown by Fig. 2, for operation under atmos. 
pheric temperature, speed, and load conditions for which 
it is desired to give vapor-lock protection. With 
known data the problem is to select a fuel specificat 
that will permit operation without the occurrence of vapor 
lock. A procedure can be employed, as follows 
vapor-handling capacity as abscissa and temperature 
ordinate, plot on a graph sheet the temperature and cor 
responding vapor-handling capacity values for various pos 
tions of the fuel system; the dashed line of Fig. 3 present 
such a plot for the data of Fig. 2. Referring to Fig. 3, 
evident that any gasoline having a vapor-forming char 
acteristic curve that lies above all of the points 
vapor-lock-free operation since, at no point in the syst 
will it form more vapor than the system can handle att 
point. Referring to Fig. 1, a gasoline can be selected fror 
each of the three graphs® that will just give incipient ' 
lock for this vehicle under these operating conditions, t! 
vapor-forming curves for three gasolines selected in | 
way from Fig. 1 are sketched in Fig. 3 and the correspon¢ 
ing inspection test data are tabulated. Two essential points 
are illustrated by this example: 

a. Position 5, the fuel pump, was the bottleneck, it veing 
the location in the fuel system at which more vapor Was 
formed than could be handled without interrupting te 
flow enough to affect engine operation. Even though mor 
vapor actually forms at Position 7, more could be hanck 
there, so that was unimportant to the occurrence of ¥aj 
lock. In a practical case it is usually sufficient to kn 
only what the temperature and vapor-handling capacit) 
at the bottleneck point. 

b. Equal vapor-locking tendency is shown by gasolin 
which have quite different Rvp values. Thus, the syste’ 
cannot be characterized by saying that it will h 
certain vapor-pressure gasoline without also ty! 
other characteristics of that gasoline. 
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nates of the bottleneck point, that is, its tem- 

| V/L value serve to describe the vapor-lock 
s of the fuel system. These data are the only 
required to determine the temperature-V/L 
solines that will or will not vapor lock under 
tion. 


aPractical Cases 


y complete knowledge of iui system characteris 
is presupposed by the foregoing case would be 
lificult to obtain and generally must be con- 
ec unknown; it is, in fact, unnecessary for most 


F 1 is a discussion of a test and analysis of the 
iting data, presented to illustrate the manner in which 
he physical ideas previously developed can be employed in 
ractical testing procedures and in‘the analysis of the data 
from the tests. 


Vapor-Lock Test Procedure* 


+ Condition —It is intended that the test be con- 

jucted on representative models of the actual vehicle, that 
operation will be at the atmospheric temperature 

service use of the vehicle, and that the test operations 


will cover approximately the range of load and speed con- 
tions and types of operation (such as steady run, idle, 
soak, and acceleration after soak) that will exist in service 


ise of the vehicle. In short, the test operation will be rep- 
resentative of the service operation. 
2. Test Fuels — Four fuels are to be made available for 
work; two of the fuels are selected to have flat 
perature-V /L curves, (curves having small change of 
perature with V/L) the curves being as flat as is pos- 
thin the commercial range of fuels; two of the fuels 
ted to have steep temperature-V /L curves, (curves 
irge change of temperature with V/L) the curves 
steep as is possible within the commercial range. 
each pair is to have such a low temperature 
rming curve that vapor lock will certainly occur 
e test conditions, while the other fuel is to have 
gh temperature vapor-forming curve that satisfac- 
ration can be assured. 
ucle Operation — a. Vehicle operation is begun and 
| until representative operating temperatures have 
ocen established for the test condition. 
low-volatility steep temperature-V/L curve fuel, 
of the steep curve low- and high-volatility fuels, 
the vehicle test fuel tank and vehicle operation 
ied? through the various test conditions until 
K occurs or until it is assured that vapor lock will 
on this fuel. In either case a sample of the 
gas withdrawn immediately from the vehicle fuel 
ta nspection tests.® 


{ 


or lock occurs in (b) the gasoline in the vehicle 
s changed to a lower volatility blend of the steep 
ls and (b) is repeated on successively less-volatile 
til a blend is found on which vapor lock will 


por lock does not occur in (b) the gasoline in 
fuel tank is changed to a higher volatility blend 
curve fuels and (b) is repeated on successively 
tile blends until a blend is found on which vapor 
ccur. 
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a Fig. 3-—Correlation of fuel system characteristics with gasoline 
vapor-forming characteristics 


e. After completion of (b) and (c) or (d) on the steep 
curve fuels, the flat curve fuels are substituted and (b) 
and (c) or (d) are repeated on blends of the flat curve 
fuels. 

4. Data Resulting from Test — The test results consist of 
inspection data on a series of gasoline samples, associated 
with each of which there is the observation that vapor 
lock did or did not occur. 

5. Analysis of Data-—The first step in analysis of the 
data consists of determining temperature-V /L curves for 
the gasoline samples. These may be determined directly 
on a V/L apparatus or may be calculated from carefully 
determined Rvp and ASTM distillation tests on the samples, 
the calculations being made according to the method estab- 
lished in a previous paper.? 

The second step is to make a graph for each type of 
vehicle operation and to draw on that graph the tempera 
ture-V /L curves for the gasoline samples, designating on 
each curve whether vapor lock did or did not occur on 
that blend with that type of vehicle operation. A typical 
graph of such data is shown in Fig. 4, where the dot-dash 
lines on the graphs outline the transition from vapor lock 
to no vapor lock; any fuel having a temperature-V /L 
curve above the dot-dash lines gave satisfactory vapor-lock- 
free operation; any fuel having a temperature-V/L curve 
above the dot-dash lines gave satisfactory vapor-lock-free 
operation; any fuel having a temperature-V /L curve below 
the dot-dash line caused vapor lock. 

By virtue of the fact that the test fuels were selected to 
have the steepest and flattest curves apt to be encountered 
in commercial practice, the knee of the dot-dash line on 
the graphs of Fig. 4 becomes the point of salient interest 
and corresponds to the bottleneck point of Fig. 3. 

6. Conclusions —- Having determined the temperature and 
vapor-handling capacity of the bottleneck point in the fuel 
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« Fig. 4- Determination of bottleneck point temperature and vapor-handling capacity 


—No vapor lock 


system (but not the physical location of that point in the 
fuel system) for each type of vehicle operation, a second 
plot on the temperature-V/L coordinate is useful to deter- 
mine the fuels for satisfactory operation in the vehicle 
under all types of operation. For this purpose, the tem- 
perature and corresponding V/L value for the bottleneck 
points of Fig. 4 are plotted as is shown by Fig. 5. Then 
any fuel having a temperature-V/L curve that passes above 
all three points will protect the vehicle from vapor lock 
under all three conditions of operation. 


This last process can be extended to include any number 
of vehicles. If the temperature and corresponding V/L 
values for the bottleneck points on all of the different 
vehicles are known from tests, the fuel that will give satis- 
factory vapor-lock protection to those vehicles can be de- 
termined from a graph on which all of the bottleneck 
points are plotted as they were in Fig. 5 for one vehicle. 


Variations of Test Procedure 


In many instances variations of the foregoing procedure 
may be desirable, and certain of the variations most apt to 
occur warrant some discussion. 


1. Fuel System Temperature Measurements — If it is pos- 
sible to install temperature measuring instruments at stra- 
tegic points in the fuel system, the observation of these 
temperatures during the test can be quite helpful in that 
it will serve to indicate when stable temperatures have been 
attained. Furthermore, temperatures observed at the in- 
stant vapor lock occurs, compared with the temperature 
of the bottleneck point permit identification of the ap- 


proximate location of the bottleneck point in the fuel 
system. 


7 While it is essential to determine the temperature coefficient experi- 
mentally to be sure of its exact value for any given case, experience 
indicates that the bottleneck temperature changes 0.6 to 1.0 deg per 
1.0 deg change in atmospheric temperature, and a value in this range 
often may be used with sufficient accuracy, provided the test tempera- 
ture is not too greatly different from the atmospheric temperature to 
which the result is to be adjusted. 
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2. Test at Other Than Service Atmospheric Tempera- 
tures — Often it is necessary to conduct the tests at atmos 
pheric temperatures other than the maximum temperature 
to be encountered in service. When this condition occurs, 
it is essential to establish the temperature coefficient of the 
fuel system, that is, the change in temperature of bottle- 
neck point with change in atmospheric temperature.’ 
temperature coefficient of the bottleneck point can be deter- 
mined in several different ways: 

a. Repeat the entire vapor-lock procedure at several 
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a Fig. 5—Graph for use in correlating fuel system characteristic 
data of Fig. 4 with vapor-forming characteristics of fuel 
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snospheric temperatures and plot the observed bottleneck 
auuvep” fl . ° 
‘emperatures against the respective atmospheric tempera- 


tures. 

, 1, Measure fuel system temperatures during temperature 
ilization runs, such as (3a) at each of several atmos- 

temperatures and plot the bottleneck point tempera- 

ures against the respective atmospheric temperatures. 
When the temperature coefficient has been determined 

it may be used for several purposes. 





a. If the bottleneck point temperature has been estab- 
lished for one atmospheric temperature, the temperature 
coefficient may be used to estimate the bottleneck point 
temperature for other atmospheric temperatures. 


b, If it is not possible to complete the entire vapor-lock 
test at one atmospheric temperature so that the vapor lock 
on the steep slope fuels occurs at an atmospheric tempera- 
ture of say 10 deg above that on the flat curve fuels, the 
dashed line intersection (Fig. 4) does not represent the 
real temperature and V/L of the bottleneck point. How- 
ever, if the fuel system temperature coefficient is known 
or can be estimated the dashed line for the flat curve fuels 
can be raised by an amount equal to the fuel system tem- 
perature change for the 1o-deg difference in atmospheric 
temperature and the intersection will then be almost ex- 
tly the correct value for the bottleneck point. 


3. Test with Fuels of Single Temperature-V/L Slope - 
In a great many cases data have been obtained on a single 
pair of fuels and in most of those cases the fuels have had 
an exceptionally flat temperature-V/L curve. This sort of 
case occurs so frequently and the restrictions to its interpre- 
tation are so severe that it appears worth while to consider 

in some detail in terms of a numerical example taken 
from the actual testing of a motor vehicle. A gasoline 
of low vapor pressure and very narrow boiling range (150 
to 200 F) was used as the base fuel and was brought up 
to vapor pressure by additions of a high Rvp natural 
gasoline. As a result of the testing, it was found that 
the vehicle required a 6.6 psi Rvp fuel for satisfactory 
vapor-lock-free operation at an atmospheric temperature 
of 106 F. Curve 1 of Fig. 6, shows the temperature-V/L 


curve for the test fuel blend that would just give satis- 
factory operation. 


ten 





The V/L value for the bottleneck point in the fuel sys- 
tem of this vehicle is not known and cannot be determined 
accurately from the available data on fuel blends of only 
one temperature-V /L slope; however, from an examination 
ot all of the available data, it would appear to be about 
25. On the basis of a gasoline of normal distillation: 
140 F at 10% evaporation, 165 F at 20% evaporation, 
and 221 F at 50% evaporation, the V/L-temperature curves 

the fuels to just cause vapor lock when the V/L of the 
bottleneck point is 17 and 27 are given by Curves 2 and 3, 
respectively, of Fig. 6. It is clear again that the test 
gasoline has a great deal to do with the answer obtained 
est, and in this case it is possible that an 8- to 

p gasoline having 140 F at 10% evaporation, 

% evaporation, and 221 F at 50% evaporation 
entirely satisfactory. 


Om at 


nection with this case, one further fact «must be 
suppose that in accordance with common prac- 


‘ Pawhuska Road Tests,” June-September, 1937, reported 
= Couch and Bottenburgh for Natural Gasoline Association of 
a a West Petroleum Refining Association. Digested in Od 
s rnal, Vol. 37, May 19. 1938. p. 36.: and in National 
ews, Vol. 30, May 18, 1938, pp. 21-22 
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a Fig. 6—Temperature-V/L curve for test fuel used in testing o 


motor vehicle and curves for several other fuels . 


tice, the answer of 6.6 psi Rvp for the requirement of this 
vehicle is combined with 10, 20, and 50% evaporation 
point values of 140, 165, and 220 F determined by other 
considerations. Curve 4 of Fig. 6 gives the temperature- 
V/L curve of the resulting fuel; the cross-hatched area 
between Curve 4 and Curve 1 represents excessive vapor- 
lock protection. This excessive protection creates increased 
gasoline manufacturing problems and results in a substan- 
tial waste of valuable high antiknock value components. 

From examination of this case, it appears that legitimate 
answers can be obtained from tests with a single fuel only 
when that fuel has very nearly the temperature-V /L char- 
acteristics of the final specification fuel or if the data are to 
be used for a limited purpose, for example, to trace the 
improvement in a vehicle fuel system as the result of suc 
cessive steps of redesign. 

in this case of tests with fuels of only one temperature 
V/L slope, the temperature-V/L curve corresponding to 
incipient vapor lock expresses all that is known about the 
vapor-locking characteristics of the vehicle. It can be han- 
dled exactiy as the bottleneck temperature and correspond- 
ing V/L value but with the limitations brought out above. 


m Evaluation of Data from Motor-Vehicle Tests 


Two types of examples are given, (1) in which the data 
are already well digested and summarized and where re- 
examination of the results by the temperature-V/L proce- 
dure serves merely to generalize the results and (2) in 
which the analysis is carried through from the raw experi- 
mental data. 


The first example is drawn from the results of the 
Pawhuska road tests.8 In these tests the limiting vapor 


pressure for incipient vapor lock was determined as a 
function of atmospheric temperature on each of two types 
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of test fuels. 


of cars and 


the CFR procedure. 
shown by the left-hand graph of Fig. 7 where it will be 
seen that the Rvp for incipient vapor lock with Fuel 4 was 
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The determinations were made on a group about a pound greater than with Fuel C when both were 
followed a testing regime generally similar to tested at the same atmospheric temperature. With o 


The results obtained for Car G are information but that given, it is evident that fuels 
than A and C will lead to somewhat different answers but 


it is not possible to determine what those answers ar 
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u Fig. 8— Constant-speed fuel system temperature data on a motor vehicle (August 12-25) 
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they may be. On the right-hand graph of hours to reach equilibrium. On this basis, the fuel tank 
y. 7, the temperature-V/L curves corresponding to Fuel temperature data taken on August 13 can be disregarded 
were nd Fuel C at F atmospheric temperature are shown, because the vehicle was not operated to any extent after 


in g been calculated from the Rvp and ASTM distilla- 

her tion values for the fuels by the correlation of the previously 

paper. The bottleneck point is indicated to be 

€ 01 tV/] 16 and temperature = 141 F. With this infor- 

t erformance for any other fuel blends at 100 F 

ospheric temperature can be estimated readily by the 

already outlined. An obvious extension of the 

produce the equivalent values for other 
temperatures. 


application of the temperature-V/L concept 


a nereases the generality of the experimental 
- ond example is taken from a current testing 
oe was carried out under somewhat difficult 
- The results are imperfect in many respects 
— eason the example serves to bring out many 
1utions that must be observed. The data result- 
val g test consisted of: 
em and atmospheric temperature measure- 
Pf three consecutive days with the vehicle 
specified cycle of constant speed, idle, and 
test data on the fuels used during the tests, 
. a statement as to whether or not vapor lock 
= ! ich fuel. 
pheric temperature and constant-speed fuel 
— eratures are shown by Fig. 8, where it is seen 
ral, the temperatures at the pump inlet, the 
-_ t, and the carburetor bow] show constant incre- 
: that of the fuel tank. The temperature in 
‘uel tank over that of the atmosphere depends 
operation of the vehicle and requires several 
No. 7 B Jul 


4:18 p.m., and, hence on that day the fuel tanks never 
reached temperatures corresponding to normal operation. 
It is readily apparent that vapor-lock data obtained dur- 
ing the earlier part of 
temperatures are obtained, 
requirements of the vehicle. 


testing, before representative 


will not represent the fuel 


m Vapor-Handling Capacity of Fuel System 


Inspection test data on the various gasoline samples used 
in the test of this vehicle are given in Table 1. The tabu- 
lation also shows the date, time, and test number for each 
sample, the calculated temperature-V/L curves for the 
samples, a letter designation for future reference to each 
sample, and a statement of whether vapor lock did or did 
not occur on each sample. The pertinent data from Table 1 
are shown graphically in Fig. 9. 

Referring to Fig. 9, Fuels 4, B, C, and D, used during 
Tests 1, 2, and 3 did not vapor lock under any operating 
condition. Fuel E, used during Test 4, is the most volatile 
fuel employed during that test, yet it is reported not to 
vapor lock where the less volatile Fuels F and G do vapor 
lock. On checking 
Table 1 and Fig. 8 it is evident that the vehicle was so far 


This result requires investigation. 


from having attained representative running temperatures 
at the time of running Fuel E that the observations made 
on it must be disregarded. Fuel H used during Test 5 
must be disregarded for the same reason that Fuel E was 
disregarded. Further, in connection with Test 5, the atmos- 
pheric temperature was 103 F, whereas for Tests 1, 2, 3, 
and 4, it was 108 F, so that the curve for Fuel 1 must be 
displaced upwards 5 F (assuming 1:1 temperature coefh 
cient) to place it on a comparable basis with the other tests. 
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a Fig. 10-Temperature-V/L curves for fuel samples tested in a motor vehicle (August |2-25) 





After the manner illustrated earlier in connection with vapor-lock limit is determined since the most volatile fuels 
Fig. 5, the data of Fig. 9 are combined in Fig. 10, from never vapor locked on idle. However, the data are ade. 
which the temperature-V/L region for the transition from quate to show that, for this vehicle, idling is not the limit. 
vapor lock to no vapor lock is readily identified. The test- ing condition and any fuel that is satisfactory for the other 
ing involved only fuels of the single temperature-V/L two conditions will be satisfactory for idling. 
curve slope, so that no intersections occur and the bottle- 
neck point cannot be determined. 


Referring to Fig. 10, it is seen that under the steady-run 


m Fuels for Satisfactory Operation 


condition, Fuels 4, B, C, D did not vapor lock, Fuels F, The borderline vapor lock curve of Fig. 10 presents a 
G, and | did cause vapor lock. Fuel / is very slightly less basis for selecting fuels for satisfactory Operation in Us 
volatile than Fuel D so that there is a slight reversal; how- vehicle, the procedure being similar to that described wd 
ever, this amounts to only about 2 F and probably is within viously. Because only a single slope fuel was used in the 
the test reproducibility, particularly, considering that tem- testing, the result must be confined to fuels of the same 
perature stabilization was none too good in any of the tests temperature-V /L slope as the test fuel or involve excess 
and that 12 days elapsed between the tests. For accelera- vapor-lock protection. 

tion after soaking, the situation is identical with that for Assuming a 1 to 1 temperature coefficient, the fuels tor 
steady running, and on the basis of these data, it appears _ satisfactory operation at any atmospheric temperature cal 
that both conditions are equal in severity. For idling, no be selected. To do this, for example, for go and 110! 





Table 1 — Inspection and V/L Data on Fuel Samples Tested in a Motor Vehicle 


No Vapor Lock Vapor Lock 





Acceler- = 
Distillation Temperature, F Temperature for V/L= Sample ation a 
Date Test Hour Corrected ~ Desig- Steady Steady 


after ver 
Taken No. Taken Rvp 10% 2% 50% 90% 4 10 30 45 nation Run Idle Soak Run idle Soa 





August 12 1 2:03 6.05 135 154 228 316 151 154.5 162 166 A x x x 

August 12 1 3:20 5.85 139 156 227 319 152.5 156.5 164 168 B x x x 

August 12 2 4:50 8.85 132 150020211 316 142 =146.5 154 158 Cc x x x 

August 12 3 6:15 7.2 130 147, «2130310 138.5 143.5 152 157.5 D x x x 

August 13 4 2:22 9.35 120 134 194 306 122 126.5 137 143.5 E x x x 

August 13 4 2:22 9.35 117: 132 192 298 122.5 126.5 135.5 140.5 E . 
August 13 4 3:26 9.15 118 134 194 296 123.5 127.5 136 141 F x x . 
August 13 4 6:40 8.3 123 139 199 301 129.5 133.5 142 147 G x x 

August 13 4 6:40 8.95 121 138 198 303 125 130 139 144 G 1 
August 25 5 1:51 8.5 124 144 213 312 129 134.5 146 153 H x ° x x 
August 25 5 3:55 7.5 127 147 218 312 136.5 141.5 151.5 157 I x . 





400 SAE Journal (Transactions), Vol. 53, No, 7 











y thet 


Acceler- 
atior 
after 
Soak 


No. 


is 


tTenwpe 


SYSTEM Teme %r WHEN ATM 
ito? Fr 


VEL 


e0°Fr 


r 


tmost 


pheric temperature, draw a temperature-V/L curve 























responding to the midrange of the zone of transition 


230 


=3 


TEMPERATURE 


DISTILLATION 


15Q 


A S.T.M 


130 








50 "/, 


BUTANE 


ewe. -~ 


| CASE 6 | 
IN | DEPENTANIZED REFINERY 
BASE 





a Fig. 1! -V /L curves for fuels giving satisfactory op- 
eration at atmospheric temperatures of 90 and !10 F 


from vapor lock to no vapor lock as identified in Fig. 10. 
Adjust this curve in one case to 90 and again to 110 F 
atmospheric temperature on the basis of the 1 to 1 tem 
perature coefficient. This procedure results in the two 
temperature-V/L curves of Fig. 11 designated as “Found 
g0 F Atmospheric Temperature” and “Found 110 F Atmos 
pheric Temperature.” 

In selecting the fuels for satisfactory operation, it is 
desirable, in addition to the foregoing, to have information 
available on the general Rvp and ASTM distillation char- 
acteristics of the fuel types that are to be considered. Fig. 
12 shows the variation of 10, 20, and 50% evaporation 
points with Rvp for three cases. Case A represents the fuel 
blends used in the actual testing and consists of a low 
vapor-pressure base stock with various additions of natural 

concluded on page 436 
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TUM UIUC MGMT MUU 
L system problems resulting from high-power 


| 
0 and high-altitude operation are listed. ee 
various parts of an oil system are described i 
detail to show their effect on the overall ine 


formance of the system as related to these 
problems. 


Curves are included to show oil pump per- 
formance and oil tank efficiency. Examples are 
given to illustrate the characteristics of various 
oil system configurations us a means of explain- 
ing why the problems listed are encountered. 
After offering explanations of the various prob- 
lems, practical methods to achieve a remedy 
are suggested. 


Oil dilution and the effect of fuel in the oil are 
discussed. The subject of oil foaming is dis- 
cussed with particular reference to the effect of 
oil antifoaming additives. A thorough analysis 
is made of oil system performance using addi- 
tives to show the disadvantages as well as the 
advantages. 


A brief outline is presented of future work 
which should be conducted to achieve improve- 
ment in oil system performance. 


THE AUTHOR: W. L. WHEELER is responsible for 
powerplant development work at North American Aviation, 
Inc., where he has been employed for over six years. His 
one previous connection was with Lockheed Aircraft Corp., 
which he joined in 1937, immediately after graduation from 
Carnegie Institute of Technology. 


BB it Ta 


EVERAL new oil system problems have made them- 

selves evident as a result of the war stimulus to in- 
crease the operating altitudes of military aircraft. These 
problems are made evident in various ways, depending 
upon the oil system design employed in the different air- 
planes. Since nearly all manufacturers of military aircraft 
have probably experienced trouble in one form or another, 
it is only natural that many people have done a consider 
able amount of work in the last 114 to 2 years to study 
the behavior of aircraft lubrication systems. Previous to 
this time there had apparently been very little effort made 
to study lubrication systems thoroughly, and very little 
reference material is available, except that printed in the 
last two years. 


Because of the large amount of work which has been 
done in recent months, it is possible that a large portion 
of the data presented here are not entirely new to many. 
However, the following most common types of oil system 


failures will be listed in review: 
A loss in engine oil pressure with increasing altitude. 


A loss of oil out the engine breathers as a result of 
failure of the scavenge system. 


3. Excessive oil loss through the engine breathers during 
high-power operation or during operation with diluted oil. 


(This 


paper was 
Meeting, 


presented 
Los Angeles, 


Oct. 


at 
5, 1944.] 


the SAE National Aeronautic 
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OIL SYSTE 


No more will be said about these failures unt 


these failures will be developed as the analysis ; 


The oil systems of various aircraft may vary conside; 


ably in detail, depending upon the specifications to whi 
they are built. The factors affecting the general 


princi 


which govern the operation of any oil system are basically 
the same and the differences in detail design should a 
count for the differences in performance of the system as 


whole. 


All oil systems must, of course, consist of the basic engit 
oil system, which includes the main oil pressure feed pum; 
or pumps, scavenge pump or pumps, and engine breathers 


The main oil pressure feed pumps will 
engine. The procedure most commonly followed b 
ican aircraft-engine designers is to use a pump reaso1 
larger than necessary to provide the maximum ry 
required to ensure satisfactory lubrication 
moving parts. 


the excess capacity is absorbed by the pump itself 
passing part of the oil from the discharge port to the 
Other engines, such as certain British types, employ 


pressure pumps which are also oversize in capacity bul 


instead of bypassing the excess oil through the pum 
oil is allowed to drain into the crankcase sump. 


Most engines use at least two scavenge pumps and olte! 


a considerably large number are required to ensure 
scavenging of isolated portions of the engine. This m 
that the scavenge pump capacity might vary from 1 
150% up to as much as 400% of the main pressure 
capacity. Presumably this ratio could be even hi 
based on the actual flow of oil into the engine 
cases where the main pressure pump is recirculating 
volume of oil within itself. 
Engine breather design will 


also vary 


which makes it very difficult to compare one type of eng! 


with another. 
In general, the airplane portion of various airplan 


systems is similar, in that the units required are basica 


the same. However, large variations will be found in 
arrangement of these standard units and in the 
sign of the plumbing. Since the oil system o 


plane is probably the most complicated, due to 


+ 


+ 


requirements necessary to provide adequate lubrication 
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WPROBLEMS 


by W. L. WHEELER 


Powerplant Development Engineer 
North American Aviation, Inc. 


at High Altitude 


e( || kinds of maneuvers, including inverted flight, the analy- 
pla 5 will be made will apply to typical fighter-type 


ng a completely conventional system, the oil 
oolers are placed between the scavenge pump 


} 
It i 





re oil tank. If two or more coolers are in- 


hey may be connected in series or in parallel; 
will be demonstrated during the analysis that 

| arrangement is by far the most desirable. Vari- 
“4 is types of thermostatic control valves or surge valves are 
icorporated in the oil cooler but, since their effect 

roblems to be discussed here is of secondary im- 

oY rt there will be no further mention made of these 


main pressure pump, forced to the bearings and other 
moving parts, after which it will drain into the various 
crankcase sumps to be picked up by the scavenge pumps. 
Since the scavenge pumps are of larger capacity than the 
main pumps, they will make up their deficit with air so 
that the oil, when it leaves the engine, will be a mixture of 
oil and air which will then pass through a tube into the 
oil cooler and thence into the oil tank. Disregarding th« 
various secondary effects of the type of plumbing and the 
characteristics of the oil cooler, valves, and fittings, it will 
be seen that the mixture entering the oil tank will contain 
air in solution and entrainment, of which a certain amount 
will be in the form of large bubbles. As this heterogeneous 


mixture enters the tank, the large bubbles will, of course, 








immediately break and some of the entrained air will be 
remains only the oil dilution provisions to be separated out due to the centrifugal action of the cylindri 
but little need be said about this matter regard- cal tube. As the rest of the mixture enters the bottom 
ng of z the detailed manner in which the fuel is introduced center compartment, the velocity will reduce and more of 
‘ to the oil, since it is the behavior of the fuel and oil the entrained air will escape, the exact amount depending 
which is important rather than the manner in upon the length of time the oil remains in this compart 
the fuel is introduced. ment and the type of oil used. 
these various units are con- 
a complete oil system, the y seni ’ 
ty bul ght look something like Fig. 1. a -. 
t itic diagram is included only = JZ Y Br. > 
te the general cycle which is — Aa | | »\ 
1 conventional system. oe} ee “i | | 
ropet N can proceed with the de- eiciaatacieiins 2 Y , , / | 
- lysis, which can best be made _BREATHER , TANK— eR 
140 oF g the oil as it passes through \ / df TT 
pum ’ ycle. To avoid unnecessary | 
higher ould assume that we have a I} 
thos with an oil system full of | 
rg vhich has stood for a consider } 
of time without any lowering j/ 
fer rature; and that the engine \ 
git i to run at any desired speed ei 
started with no acceleration Levitin = 
ne Te the desired speed is ob PUMPS A DRAIN AND OIL 
r time period is assumé d so Ps — OILUTION FITTINGS 
¢ consider the oil in the tank 7 
nly dissolved air with no air C 
“— OIL COOLER AND 
: ; 3 THERMOSTATIC VALVE 
; assumptions, It 1s oe that a Fig. | — Schematic diagram of oil system 
a tank will be drawn into the , 
53, No.’ vuly 
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At any rate, it is easy to see that not all of the oil will 
be free of entrained air as was assumed to be the case 
when the engine was first started. This means that a part 
of the main pressure pump capacity must be devoted to 
handling air. Consequently, its performance will decrease 
somewhat but this should not be noticeable at sea level, 
in the case of engines incorporating a bypass arrangement, 
since it will simply mean that less oil will be bypassed. 
In the case of engines which pass the excess oil directly 
into the sump, a reduction in oil flow will be noticeable, 
and such an engine will be assumed throughout the rest 
of the analysis since it makes the analysis easier. If this 
is done, it will be noted that less oil will be delivered to 
the scavenge pump than during the first cycle so that the 
scavenge pump will have to pump more air than during 
the first cycle. Therefore, the oil leaving the oil tank at 
the start of the third cycle will undoubtedly contain more 
entrained air than during the second cycle. This process 
will be continued until an equilibrium is reached, at which 
point the oil flow will remain constant, provided no other 
changes, such as a change in altitude, are made. 

Without going any further with the analysis, it is imme- 
diately obvious that there are two major units in the sys- 
tem which control the performance of the entire system. 
One is the scavenge pump, while the other is the oil tank. 
There are other items which affect the degree of aeration 
in the system slightly, but the writer’s experience has in- 
dicated that the oil tank usually acts as the most important 
deaeration device. 

Before proceeding further, it should also be stated that 
only aeronautical oil conforming to current Army and 
Navy specifications will be cohsidered during the first 
part of the analysis. However, reference will again be 
made to the oil itself. 


= Pump Performance 


Fig. 2 shows the typical performance characteristics of 
the spur-gear oil pumps in an engine. The lower set of 
lines represents the main pump with various amounts of 
entrained air, while the upper line represents the scavenge 
pump assembly with no entrained air in the sump oil; 
that is, a flooded sump. It will be seen that the oil flow 
remains essentially constant up to a very high altitude. 
The exact altitude to which 
full performance is main- erp eeeeipeere 
tained is dependent upon the 
internal losses peculiar to the 
particular pump in question. 
Needless to say, the data 
shown by this curve represent 
rather good pumps, but a 
main engine pump has actu- 
ally been tested which gives 
as good performance as indi- 
cated by the lower lines. 

It might be interesting to 
point out at this time that 
several investigators have ap- 
parently tested oil pumps and 
obtained a much different type 
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of performance curve; that is, performance at altitude wa; 
found to be inferior compared to a pump such as would 
give performance shown. It is entirely possible that such 
poor performance is the result of improper test procedure 
It is impossible to test an oil pump accurately by mainta 
ing the oil supply tank at sea-level pressure while using : 
valve to obtain reduced pressure at the pump inlet becaus 
oil will dissolve a certain amount of air at any pressure 
This amount on a weight basis decreases linearly with th 
pressure, according to Henry’s law. Therefore, if the « 
flows through the throttling valve, there will be entraine 
air after throttling because the amount of air which 
remain dissolved has suddenly become much less. Conse 
quently, the oil pump is forced to pump steadily increasing 
amounts of air as the simulated altitude is increased, whic! 
causes a reduction in pump performance. 
To overcome this difficulty, an oil pump should always 
be tested by evacuating the supply tank itself, and the tank 
should be connected to the pump with large lines of the 
shortest possible length. The supply tank should be large 
so that the oil circulation will be slow enough to allow all 
entrained air to escape. Then the oil passing through the 
pump will contain only the normal amount of dissolved 
air corresponding to the pump inlet pressure. 
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a Oil Tank 


fighter type of oil tank might look something like 

the one shown in Fig. 3. This tank has flapper valves in 
the two parallel bulkheads which trap the oil during side- 
p conditions while a swinging tube provides for adequate 
low during a dive or climb. The entire center compart- 
ment is used to supply oil for inverted flight. The cylindri- 
| tube from top to bottom provides a means of een- 
fuging the oil as it enters the tank to achieve deaeration. 
iis cylindrical tube and the lower center compartment 
ibine to segregate the reserve oil supply from that oil 
vhich is currently being circulated. In this way, only a 
tion of the total oil supply is immediately affected when 
engine is warming up, which encourages quick warm- 
and at the same time reduces the amount of fuel which 
ust be introduced into the oil during oil dilution periods 
ensure easy starting in cold weather. The size of this 
partment must, therefore, be a compromise between 
minimum amount desirable for fast warm-up and/or 
lilution, and the amount which would be desirable 


sustained inverted flight. uf 


. *-*« . r 
Che oil tank, in addition to being a storage tank, acts as 


leaerator; therefore, the detailed design of the tank will” 


luence the deaeration characteristics of the oil system. 
ne had a very large oil tank and was not concerned 
he problem of: oil dilution, it would be relatively 

) achieve satisfactory deaeration since the air intro- 
| into the oil by the scavenge pump would have ample 
to rise to the surface before the cycle had to be 


advantage of a large oil tank is immediately lost 
‘a warm-up compartment for use with diluted oil is in- 
rated since the cycle time is so greatly reduced. In 
as in the case of fighter aircraft employing small 
resort must be made to mechanical means of 
separation. This may be accomplished by introducing 
tangentially into the cylindrical tube incorporated 
ink shown in Fig. 3. This causes a centrifugal 
to separate the air which should then pass vertically 
through the center of the tube and out the top. 
reason, there should be ample open area at the top 
tube to allow the air to escape into the oil tank 
space. 
| tank shown in Fig. 3 was found by test to have 
ration characteristics shown in Fig. 4. It will be 


§ case 


1 


405 


seen that the efficiency improves as the percentage of air 
in the air-oil mixture entering the tank is increased. This 
tank, by the way, is considered to have rather good deaera- 
tion characteristics. 

In early tests to determine the deaeration characteristics 
of oil tanks, an attempt was made to improve the efficiency 
by supplementary measures, but nothing has yet been dis 
covered which gives better results than obtained by the oil 
tank itself. Various devices tested included helical coils 
of tubing with air bleed holes at the inner radius and 
separate centrifugal type of separators. The centrifugal 
separator by itself appeared to be as good as the oil tank, 
but the combination of the two was still no better than the 
oil tank itself. 

A centrifugal separator external to the oil tank has the 
disadvantage of a high pressure drop with cold oil, making 
some sort of bypass mandatory. Due to the mechanical 
complications, therefore, this type of separator is not very 
appealing. Its use in a conventional oil system appears 
unnecessary since tests have shown that an oil system can 
be made to perform satisfactorily using only an oil tank 
to achieve deaeration. It might be pointed out that air is 
much more difficult to remove from oil than from most 
other liquids, probably because of the large variation in 
viscosity of the oil with temperature. 


m Line Losses 


The flow characteristics of the lines which carry the oil 
from the tank to the pump are quite important and the 
characteristics of the oil scavenge lines are nearly as impor- 
tant. Large restrictions between the oil tank and the oil 
pump will have the same effect as the throttle in the testing 
procedure previously described. Large restrictions in the 
scavenge discharge line will be less important because they 
are on the discharge side of the pump. However, the 
higher the scavenge pump discharge pressure, the more air 
will go into solution and the finer will be the emulsion 
which will result. Therefore, the higher the scavenge 
pump pressure, the more difficult it is to deaerate the oil 
in the oil tank. This, then, explains why’it was previously 
méntioned that if two oil coolers are required, they should 


/be placed in parallel since a lower pressure drop will result 


than if the coolers are mounted in series. 


= Oil System Equipment 


Just as it is desirable to maintain low scavenge pump 
discharge pressures, it is equally important to try to avoid 
equipment which will tend to agitate and mix the oil and 
air thoroughly in the scavenge pump line. Some types of 
oil coolers are very good air-oil mixers and various types 
of valves and fittings result in extreme turbulence, which 
has the same effect. Such fittings should, of course, be 
avoided wherever possible. It might be pointed out at the 
same time that if fittings or oil cooler headers are so built 
that “dead” spaces exist where air will trap, a certain 
amount of deaeration can be realized by connecting a bleed 
line from this point to the oil tank. Such procedure can be 
quite effective in some cases. 


@ Analysis 


To demonstrate better the importance of the various 
parts of the system which has just been described and make 
an analysis of oil systems, it is convenient to give examples 
of various types of installations. 

Example 1- For Example 1 we will assume the follow 








ing: a good oil tank; good main oil pump with low inter- 
nal losses; reasonably good scavenge pumps; and a good 
line from the oil tank to the main pump inlet, such that 
the pressure drop is exactly equal to the static head. The 
main oil pump inlet pressure is then equal to the oil tank 
pressure. With these assumptions, the combined perform- 
ance of the system should be as shown in Fig. 5. It will 
be seen that the oil flow to the engine can actually increase 
with altitude. This condition is brought about by the fact 
that the amount of entrained air entering the main pressure 
pump decreases with altitude. This occurs since the as- 
sumed scavenge system performance is such that the 
amount of entrained air in the oil entering the oil tank 
decreases with altitude. 

Example 2-For this case we will assume the follow- 
ing: a good oil tank; reasonably good main and scavenge 
pumps; large losses from the oil tank to the main pump 
inlet. The results with such a system look approximately 
as shown in Fig. 6. It will be noted that even if the oil 
tank efficiency is high, the losses from the oil tank to the 
main pump are so high that the amount of air evolved is 
unreasonable. Therefore, the percentage of entrained air 
at the main pump inlet is increasing with altitude, which 
results in a loss of performance as shown by the reduction 
in oil flow. When a loss in oil flow occurs there will, of 
course, be a loss in oil pressure. This, then, is an explana- 
tion of the first type of oil system failure described at the 
beginning of this paper; that is, a loss of oil pressure with 
increasing altitude. 

Example 3 — For this case we will assume the following: 
poor scavenge pump inlet conditions; that is, high losses 
from the sump to pump inlet as a result of inlet screens, 
poor engine plumbing, or poor pump; a good oil tank with 
a good main engine pump and good plumbing from the 
oil tank to the pump inlet. The resulting performance 
should be as shown in Fig. 7. 

In this case, it can be seen that, whereas the oil flow will 
increase with altitude, the performance of the scavenge 
pump is rapidly decreasing. At some altitude the perform- 
ance of the scavenge pump will be such that it can just 
handle the amount of oil being pumped into the engine 
by the main pump. This altitude might be called the 
critical altitude of the oil system. If it is possible to fly the 
airplane above this altitude, the crankcase and sumps will 
gradually fill up with oil until finally, if flight is continued 
long enough or high enough, the level in the crankcase 
will reach the point where the connecting rods and crank- 
shaft will splash into the oil. The resulting froth will be 
such that the blowby gases will carry large amounts of oil 
out the breathers. 

The same result could be obtained below the critical 
altitude of the oil system by maneuvering the airplane so 
that scavenge pump flow is temporarily interrupted. The 
worst example of this would be extended inverted flight. 
In this case, if the oil tank is designed for inverted flight, 
oil flow to the engine will be maintained but the scavenge 
pumps, being inverted, will be running dry. Therefore, 
the entire oil flow will become trapped in the engine so 
that when the airplane is eventually righted, the sump will 
be full of oil. If the altitude at which this maneuver is 
carried out is relatively near the critical altitude of the oil 
system, it will take a considerable length of time for the 
scavenge pumps to return the excess oil to the oil tank. 
This interval could easily be sufficiently long to cause a 
large amount of oil to be lost out the breathers. This 
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would explain the second basic oil system problem men 
tioned in the beginning of the paper. 

In addition to the loss of oil through the breathers 
occurring as a result of scavenge pump failure, as jus 
described, oil loss could also occur with a good scavenging 
pump system. Such a loss is dependent upon the engine 
design, and to explain the third basic type of oil systen 
failure is not as simple, since the breather configuration is 
different in every type of engine. 

If the engine breathers are located in such a way that a 
direct spray of oil from some bearing or gear impinges 
upon the opening, it is most likely that a considerabk 
amount of oil will be carried out the breather by th 
blowby gases. The amount carried out will depend upon 
the gas velocity through the breather which, in turn, wil 
depend upon the area of the breather and the amount oi 
blowby gases. The amount of blowby will probably vary 
from engine to engine and even from day to day, whic! 
makes the analysis of this sort of problem very difficult 

It should also be pointed out that the amount of blowby 
on a volume basis increases rapidly with altitude, assuming 
that the manifold pressure is maintained constant. This is 
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fact that the mass flow of blowby gases will 
entially constant and probably even increase 
a 1s the altitude is increased. Since the density 

‘ course, be less at higher altitudes, the volume flow 


vil ise greatly. If an analysis of the scavenging sys- 
‘em shows no evidence of scavenge pump failure, it should 
be pos to decide immediately that the breathers are 
cates roperly located or too small in area, or that the 
hlowby is excessive. 
Since all of these phases of the problem are primarily the 
ncern of the engine manufacturer, it would not be wise, 
-. a paper of this sort, to do more than to point out their 
i stence and to say that changes which would affect one 


nore of the three conditions would result in a solution 
to the problem. 





Engine powers are continually being increased; therefore, 
the problem of reducing blowby is steadily becoming more 
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important, which is a basic engine problem. However, the 
same effect is noted when use is made of diluted oil. If the 
oil in the engine, the plumbing, and the warm-up compart- 
ment of the oil tank contains 30% fuel by volume, it could 
be estimated that there might be as much as two gallons 
of fuel in the system vipon starting. 
ot the purposes of oil dilution is to allow quick 
ake-otts atter starting. Therefore, suppose, for example, 
we had a hypothetical airplane capable of climbing 5000 
fpm and requiring 1 min for take-off. During the take-off 
period, the oil temperature and, therefore, the fuel temper- 
ature would probably rise to at least 175 F and by the end 
of the next 4-min period the airplane would have climbed 
to 20,000 ft, which would result in a crankcase pressure of 
13.75 in. of mercury as compared to approximately 
t mercury at sea level. It is obvious, therefore, that 
€ Increase in temperature and the reduction in pressure 
the fuel to boil vigorously, evolving large vol- 
of gas. The volume of gas formed in addition to the 
voy gases already present will have the same effect as 
reased blowby. Therefore, it would appear that a loss of 


Ou th h the engine breathers in this time interval could 
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In addition, if there is much restriction between the 
crankcase and the scavenge pump inlet, large volumes of 
gas will be evolved from the oil and fuel passing to the 
scavenge pump so that a loss in scavenge pump perform 
ance could also be anticipated. This, in turn, would accel 
erate the loss of oil through the breathers. 

*The foregoing analysis has resulted in an explanation ot 
the three main types of oil system failure which were listed 
in the beginning of the paper. The examples have been 
presented in the simplest form to save time. The various 
examples discussed could be more thoroughly investigated 
by one who is interested by merely applying well-known 
laws of hydraulics to determine the pressure drops in the 
various parts of the system. 

It could be assumed that lubricating oil will dissolve 9 or 
9% % of air by volume at sea-level pressure and larger 
volumes of other gases, such as carbon dioxide; but since 
little is known regarding the actual amounts of these other 
gases found in the oil during operation, it should be safe 
to conduct an oil system analysis on the basis of air only. 
This simplification is believed warranted since a poor oil 
system will be found to be unsatisfactory if only air ts 
considered. If such is found to be the case, a change should 
be made anyway. This should be an incentive to make the 
best oil system possible because it might be expected that 
the presence of gases other than air would make the system 
performance slightly worse than shown by analysis. 

In summarizing the foregoing, therefore, it is seen that 
the oil system performance is very dependent upon the 
degree of refinement from a mechanical standpoint and 
that the importance of mechanical losses increases greatly 
as the operating altitude is increased. 

While the foregoing is the most important part of the 
paper, it is not believed that the story would be complete 
without some reference to oi] foaming. 


= Oil Foaming 


Oil foaming is a term commonly used for several years 
which is something that has apparently been taken for 
granted by many people. Various persons have suggested 
that improvement in oil foaming characteristics could be 
made by introducing antifoaming additives into the oil. 
This is already being done with apparent success in various 
commercial oils, particularly heavy-duty oils. Such oils are 
usually compounded to produce a superior oil for some 
special purpose, probably to increase the surface tension or 
the detergency or to delay oxidation. Usually, additives 
which achieve these results also increase the foaming ten- 
dency and, therefore, antifoaming additives must be used 
to make the oil completely satisfactory in all respects. 

Study by a number of investigators has demonstrated 
that viscosity is a primary factor affecting the foaming 
characteristics of straight-run lubricating oils. Therefore, 
all aeronautical lubricating oils conforming to current Army 
and Nayy specifications will foam about the same because 
the viscosity is so well controlled by the specifications. 
However, the same oil used in different installations might 
show different foaming characteristics. This could be 
explained by the fact that a great many additives can come 
in contact with lubricating oil after the oil is placed in the 
system. For example, gasoline, water, and various gasket 
sealing compounds which all come in contact with the oil 
affect foaming characteristics. Several observers have noted 
that used oil is a worse foamer than new oil, which is 
probably explained by the above. 
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Therefore, upon first thought, it would appear that anti- 
foaming additives should be beneficial, which is probably 
true in most cases. Nevertheless, the fact should not be 
overlooked that the use of antifoaming additives alone will 
not correct all the faults which might exist in an oil system. 
{t is not the purpose of this paper to argue this question 
either way, but merely to present an analysis to show the 
possible results if antifoaming additives were used. 


m Effect of Antifoaming Additives 


The exact manner in which antifoaming additives 
achieve their results would include a very lengthy discus- 
sion on the theory of foaming. Since it is rather doubtful 
whether this phenomenon is completely understood, it will 
only be noted here that the reaction from the additive is 
such that, although the oil probably tends to foam the same 
as before when thoroughly mixed with air, the rate of 
foam breakage is faster than before and faster even than 
the rate at which foam is produced. The effect of the 
additive by this line of reasoning should be less noticeable 
at higher oil temperatures because the viscosity is lower 
and therefore the oil foam will disappear faster even when 
additives are not used. 

The oil tank shown in Fig. 3 was designed to have an 
expansion space of approximately 30% of the total oil 
volume. Using oils containing no additives, it will be 
found that after the system has been operated for a reason- 
able length of time, the top part of the tank will completely 
fill with foam. Even with 30% expansion space the foam 
will build up until oil and foam are forced out the vent 
line into the engine crankcase. If foam is formed fast 
enough, pressure will gradually be built up in the oil tank 
since it will require more pressure to force a mixture of oil 
and air through the vent than air alone. If the expansion 
space is reduced, more oil will, of course, be forced through 
the vent into the crankcase and correspondingly higher oil 
tank pressures will be encountered. It was found that with 
the particular tank shown in Fig. 3, foam would some- 
times be encountered in the vent line with as much as 50% 
expansion space. Since such a large expansion volume is 
rather impractical from a space limitation standpoint, the 
possible disadvantage of oil flow through the tank vent line 
should be investigated. 

If the oil flow through the main oil pump and the 
scavenge pump are measured separately under conditions 
where foam is passing through the vent line, the scavenge 
pump flow will always be higher than the main pump flow. 
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This effect is shown in Fig. 8, where the difference between 
the two lines represents the flow through the oi! tank ene 
It will be noted that, as the altitude is increased, the flow 
through the vent line is reduced. This occurs since the 
assumed scavenge pump performance deteriorates wi) 
altitude, causing a reduction in the percentage of entrained 
air in the oil entering the oil tank. This, in turn, wij 
result in less foam in the oil tank. 

The use of an antifoaming additive should reduce the 
foam in the oil tank and probably completely eliminate ;; 
so that there will be no flow of oil through the oil tank 
vent. The oil flow will then be the same through both th 
main and scavenge pumps. However, unless the oil tank 
pressure reaches unsafe limits when no antifoaming addi 
tive is used, there does not appear to be any particula 
advantage to using antifoaming additives in this case. The 
vent line flow does not appear to be undesirable unless the 
engine vent is adjacent to an engine breather where jt 
might increase the oil loss out the breather. 

In fact, if antifoaming additives were used in an installa. 
tion where the scavenge pump is the weakest part in the 
system, it might actually cause earlier failure of the system 
than with undoped oil. This could be explained by the fact 
that the use of an additive would increase the efficiency of 
the oil tank. This effect is shown in Fig. 9. With increased 
oil tank efficiency, an analysis of the oil system cycle would 
show that some increased flow through the main engine 
pump would result. This means that the scavenge pum) 
would have to handle more oil at all altitudes and the 
critical altitude of the system would, therefore, be reduced 
This could possibly explain why some people have in- 
creased their problems by using antifoaming additives. _ 

On the other hand, if the main engine pump or the 
system plumbing to this pump are the weakest parts of the 
system, as demonstrated by a loss of oil flow and oil pres 
sure, the use of an additive might be beneficial. In this 
case, the increased oil tank efficiency would reduce the 
amount of entrained air entering the pump which would 
increase the performance of the pump. The additive wil 
always help increase the oil flow, but its effect is mos 
beneficial in installations where there are large losses de 
tween the oil tank and the pump inlet. This condition ss 
accentuated during operation at a fairly high altitude. 

This may seem strange at first, but a proper analysis wit 
show that this should be the case. If a loss of oil flow a 
oil pressure is encountered as the airplane altitude is 
creased, it is apparent that the mechanical losses betwee 
the oil tank and the oil pump inlet are relatively high 
the system would perform satisfactorily. Suppose that . 
pressure drop from the oil tank to the main pump niet 
5 in. of mercury at rated oil flow. At sea level the oil ta! . 
pressure would then be 30 in. of mercury and the oil ae 
inlet pressure 25 in. of mercury. The volume oi ats 
trained would increase upon passing from the oil tank 
the oil pump by the ratio of 30 to 25. Assuming 10 
entrained air leaving the oil tank, this air will expane 
11.8% at the pump inlet. In addition, dissolved air Wi 
be evolved, making a total of 13.3% entrained air at 
pump inlet. (In all cases, the air volume is considere + 
the amount of air in proportion to the total volume ‘ 
air and oil mixture.) 











Now suppose the airplane to be at 30,000 ft instead “ 
sea level so that the oil tank pressure will be 5.°5 
mercury. If rated oil flow could be maintained 
pump inlet pressure would still be 5 in. of mercur 
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+88 in nercury. Assuming the same percentage of 
ote leaving the oil tank as before, the volume of 
aisatie r at the pump inlet would be increased by the 
-tio of ©.88 to 3-88, or 2.3 umes by volume. Therefore, 
the total entrained air at the pump inlet would be 27%. 

The use of an antifoaming additive can only reduce the 
amount of entrained air in the oil tank without reducing 
he amount of dissolved air. There: is some indication, 

thout satisfactory substantiation at this time, however, 
hat tl of an additive will result in a slight increase 

the air content because of the emulsifying effect. Assum- 


x the additive affects only the amount of entrained air 
leaving the oil tank, it can be seen that slight reductions in 
this value will not affect the net result by more than the 
vercentage reduction in entrained air leaving the tank, 
inless there are high losses to the pump inlet. 


For example, take the preceding configuration of 5 in. of 
mercury loss and assume the additive will reduce the 
vercentage entrained air leaving the tank to 5% instead of 

\t sea level the percentage at the pump inlet would 
then become only 7.7% as compared to 13.3% without the 
additive. At 30,000 ft there would be 19% entrained air at 
the pump inlet compared with 27% without the additive. 

This is an appreciable gain and the larger gain at altitude 
s realized because the high ratio of line loss to absolute 

let pressure acts as a multiplying factor to the reduction 
in entrained air leaving the tank. 


u Remedies 


It is not good policy to criticize poor oil system design 
without offering some solutions which would result in 
practical fixes in those cases where it is obvious that the 
basic faults could not be corrected in time to satisfy produc- 
tion requirements or would require complete redesign of 
the oil system. Since the analysis has shown that oil system 
lificulties are encountered as a result of poor mechanical 
lesign, it would seem reasonable that temporary corrections 
could be made by purely mechanical means, and such is 
isually the case. 

In the case of a loss in oil pressure with increasing alti- 

would only appear necessary to maintain a high 
pressure in the oil tank at all altitudes. Assuming that the 
| tank can withstand this pressure, there is the disadvan- 
tage that higher scavenge pump pressures will result. As 


a Fig. 9 — Effect 
of antifoaming 
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shown before, this will force more air into solution, which 
would make the problem of deaeration more difficult and 
cause some reduction in oil pump performance as compared 
to that originally obtained at sea level. However, the net 
effect should be an appreciable gain in performance at 
altitude. In addition to the mechanical solution, in this 
case, antifoaming additives could probably also be used as 
a quick fix. 

In the case of scavenge pump failure, a cure should be 
effected by pressurizing the crankcase. In this case, the oil 
tank pressure will also increase, due to the existence of the 
oil tank to engine vent line. However, if satisfactory per- 
formance was obtained at sea level originally, it should be 
possible to obtain satisfactory performance at all altitudes 
as long as the crankcase is sufficiently pressurized. This 
solution, of course, has the disadvantage of introducing an 
engine sealing problem, and the amount of pressure which 
can be used will probably be limited. However, if the 
airplane is not intended for extremely high-altitude oper- 
ation, the sealing problem could probably be handled. 

In the case of loss of oil due to poor engine breathers, 
there is no quick or easy solution unless it can be effected 
by pressurizing the crankcase. If this is not satisfactory, or 
impossible for other reasons, it would be necessary to re 
design the engine breather system in whatever way is most 
practical. In this case, a mechanical solution might not be 
as desirable as the use of antifoaming additives, provided 
these additives were satisfactory. 


= Future Work 


The entire analysis presented so far has been restricted 
to a conventional oil system. Other types of oil systems 
have been considered by engineers in this country and 
actually used by foreign countries, such as Germany. The 
type of system receiving the most favorable comment is 
that in which the engine cycle is completed without the oil 
passing through the oil tank. The oil tank, in this case, is 
used purely for a reservoir and to supply as high a pressure 
as possible to the pump inlet. Such a system is known as 
the shunt-type and has its counterpart in the coolant system 
of liquid-cooled aircraft engines. 

The use of such a system assumes that it is possible to 
deliver essentially air-free oil to the main pump inlet. If 
such a condition can be realized, the idea has considerable 
merit. However, as stated before, it is difficult to separate 
air from oil and, before such a system could be considered 
satisfactory for high-altitude operation, it would be neces 
sary to develop a very good air separator. Further study on 
this and other new types of systems is certainly warranted. 

It would also be highly desirable to redesign the scav 
enge system on the engine completely. This could be done 
by using a constant-level sump or some device which would 
result in a scavenge pump discharge essentially free of 
entrained air. Since such a change would require a major 
redesign of the engine itself, it must be considered in the 
category of future work. 
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Prediction of Engine 


T the outset of a discussion on cooling correlation meth- 
ods it is first necessary to define what is meant by the 
term “correlation.” In order rationally to design an engine 
installation, the aircraft engineer needs to know the per- 
formance of the engine and its requirements for the sev- 
eral critical operating conditions. By cooling correlation, 
we refer to the analysis and prediction of engine cooling 
requirements for any given set of air and engine variables. 
There were two objectives for the work reported. The 
first was to understand and evaluate for the first time the 


[This paper was presented at the SAE National Aeronautic Meeting, 
Los Angeles, Oct. 5, 1944.] 


‘See Journal of the Aeronautical Sciences, Vol. 7, February, 1940, 
pp. 141-147: ‘“‘Predetermination of Aircraft-Engine Cooling Require- 
ments for Specific Flight Conditions,”” by Kenneth Campbell. 

2 See Wright Aeronautical Serial Report No. 657, March, 1942, by 
Hobein, J. E. McElroy, and J. W. Moore. (Unpublished) 
3 See Wright Aeronautical Serial Report No. 831, July, 1943 
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HE difficulty encountered while attempting to 

correlate altitude cooling requirements with 
sea-level performance led to the resumption of 
intensive study of the cooling correlation prob- 
lem by the Wright Aeronautical Corp. early in 
1942. 


Any correlation of this nature endeavors to 
establish the relation between engine operating 
conditions, cylinder-head temperature, pressure 
drop across the engine, pressure and tempera- 
ture of the cooling air, cooling air consumption, 
and heat rejection to the cooling air. 


A correlation method based on the density of 
the air as it leaves the fin passages, which in- 
volves the temperature rise and pressure drop 
of the cooling air, has been developed. A 
graphical solution of the equations has been 
evolved which requires a knowledge of only the 
entering air conditions to enable one to solve 
for all the above cooling requirements. To 
demonstrate this method, it has been applied 
to a specific Wright engine model, based on 
extensive testing to obtain the necessary con- 
stants. 
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true nature of certain heretofore unexplained and unfayo; 
able cooling phenomena. The second was to apply the 
new knowledge to cylinder and baffle design for improved 
altitude cooling. The former objective has been realized. 
and the latter is in active progress, with several resulting 
features of improved cylinder design already in production 

Early in 1942 the increasing difficulty encountered 
reconciling actual altitude cooling performance with that 
predicted by correlations then in use resulted in the Wright 
company’s decision to make a more comprehensive analysis 
of the variables affecting cooling. At that time the tem 
perature parameter’ used for studying the effects of in 
dicated horsepower, fuel flow, and cooling air mass flow 
was the difference between the average rear spark-plug 
gasket temperature and the front, or entering, cooling air 
temperature. On the other hand, the effective temperatur 
difference between the metal and cooling air at the rear 
the cylinder will be less than this difference, since the air 
temperature may increase considerably in the fin passages 
The first attempt by the Wright Aeronautical Corp. tw 
present a cooling correlation based on the true, or net 
temperature difference, which therefore included the effects 
of temperature rise, was initiated by W. B. Goodman, and 
reported in March, 1942.2, Throughout the following year 
this work was actively pursued through further study and 
engine test. 

It was recognized early in this study that when a variable 
baffle pressure drop curve is run on a test stand, the chang 
ing influence of the temperature rise with varying mass 
flow would automatically be incorporated in any resulting 
correlation between mass flow and temperature difference 
Mass flow, in turn, was assumed solely governed by the 
product of entering density and baffle pressure drop, in 
accordance with standard orifice practice for small pressure 
differences. It therefore seemed unnecessary to worry fur 
ther about temperature rise in cooling analysis work. This 
assumption, however, was fallacious. The function which 
actually governs mass flow, whenever the density undergoes 
a significant change, as it does in the cylinder fin passages 
is the product of the baffle pressure drop Ap and the density 
of the air leaving the cylinders. The reason for this ! 
that the mass flow through an orifice is a function of the 
pressure drop times the density at the point of highest 
velocity. This point occurs at the rear of the aircooled 
cylinder for two reasons. First the cross-sectional area ot 
the passages is generally constant or converging, and 
ondly, the air density decreases as a result of both tem 
perature and pressure changes along the path. 

In other words, for a given rate of acceleration and ma 
flow a specific value of baffle pressure drop wil! 


iSS 


$ 


quired. A high acceleration requires a higher ire 

drop for constant mass flow. At altitude the per ge 

change taking place in the density of the cooling 

the entering to leaving conditions is higher than at 
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evel, due to the higher temperature rise and constant or 
ncreasing baffle pressure drop, combined with the lower 
bsolute entering pressure and temperature. This increase 
n density change from entrance to exit reflects a higher 
acceleration, which in turn requires a higher pressure drop 
to maintain the same rate of flow. This is the explanation 
for the need of a correlation based on leaving air density. 
Such a correlation, and the graphical solution needed to 
make it practical, have been developed® and are presented 
herein 

[t will be seen that simultaneous equations are needed 
nce the mass flow depends on the leaving density, which 

turn is itself dependent on mass flow and Ap. This is 

reason why a graphical method is used. 

For convenience the relative density ¢ is used throughout 
his paper in place of the actual density. 
ws The analysis was simplified by the fact that the critical 
temperatures of the head occur at the rear of the cylinder, 
vhich is almost the same point as that at which the con- 

lling air density exists. The rear spark-plug gasket tem- 
perature has been used for the cylinder temperature in the 
: tudy reported herein. In the following discussion the 





he a ’ c 
erence between this value and the entering air is called 
‘ gross temperature difference AT, while the net temper- 
” ture difference 6T is defined as this average head tem- 
e erature minus the leaving air temperature. In other 
- words, AT exceeds 37 by the temperature rise of the cool- 
we ng air. Also, since this paper deals with the cooling per- 
O€S “ . . . . 
#8 e of the cylinder head, s3 applies to air passing 
* through the head fins rather than to an average for the 
hole cylinder assembly, unless otherwise specified. 
the N 
# Nomenclature 
] I : iriables: 
| of Boy Brake horsepower 
- ‘hp = Indicated horsepower 
sf Brake specific fuel consumption, lb per hr per bhp 
eI ais Indicated specific fuel consumption, lb per hr per ihp 
Apr Crankshaft revolutions per minute 
ass Hr Heat rejection, horsepower 
‘ Ir Heat rejection at 6 in. (os;Ap 
[ Pr’ /87" 
ire f Mass flow of cooling air, lb per min 


( 


onditions of free air stream 
nditions of air entering evlinder 





3 = Conditions of air leaving cylinder 


Pressures and temperatures: 


P) = Free air stream absolute static pressure, in, of mercury 
Py» = Absolute static pressure entering engine, in. of mercury 
P» = Absolute total pressure entering engine, in. of mercury 
P.3 = Absolute static pressure leaving engine, in. of mercury 
Ps, = Absolute total pressure leaving engine, in. of mercury 
Ap = Engine baffle pressure, in. of water = 13.60 (Pa—Pa 
mn 


7. = Carburetor air temperature, F 

T) = Free air stream temperature, F 

T, = Entering cooling air temperature, F 

T; = Leaving cooling air temperature, F 

Tr = Cooling air temperature rise = 7; — T2, F 

Tr’ = Reference cooling air temperature rise, that is, at 
6 in. (o3Ap) » 


Th Rspgt = Average rear spark plug gasket tempera- 
ture, F 

7T,, = Effective or average internal gas temperature, F 

AT = Gross temperature difference T, — T2, F 

57’ = Net or effective temperature difference Tr T;, F 

57” = Reference net temperature difference, that 1s, at 
6 in. (osAp) 

o. = Ratio of entering air density to NACA sea-level 


standard 
oc: = Ratio of leaving air density to NACA sea-level 
standard 


Exponents: 
Tr < (osAp)! 
M. <« (o3;Ap)™ 
5T « (o3Ap)" 
Note: 
s denotes a static pressure 
t denotes a total pressure 
(‘) denotes that the value of the variable is measured at 
6 in. of water (o3Ap 


= Numerical Evaluation of Density Changes 


It will be interesting at the outset to investigate numeri- 
cally the radical density change taking place as the air 
passes through the fin passages, which has been qualita 
tively analyzed at the beginning of the paper. The ratio 
of the leaving to entering air density may be evaluated in 
the following manner: 


a P,s T, + 460 

0 (-5-)¢ T; + 5) 
It may be observed that 
Ap 
13.60 > / 
T; = 7: +Tr 


Substituting Equations 2 into Equation 1, we obtain 
Os | 13.60 P Ap ) ( T. + 460 ) 
J 13.60 P 7 + Tr + 460 


Equation 3 shows that the density change is influenced 
by the absolute values of entering air temperature and 
pressure as well as by Ap and the engine operating con- 
ditions as reflected in Tr. This has been demonstrated by 


° ° ~ 0 
plotting the ratio of leaving to entering density against 
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a Fig. |—Density changes taking place in the fin passages 





altitude in Fig. 1 for the four combinations resulting from 
two values of Ap and two values of engine operating con- 
ditions. The value of the latter is the same for Lines 4 and 
B, and again for C and D, while the value of Ap is the 
same for Lines A and D, and B and C. Also, the com- 
binations making up Cases A and C were selected so that 
their sea-level values would be identical. 


° » C@ ° 
Fig. 1 shows that the value of does not remain con- 
Oo 


stant with altitude and, in fact, may vary considerably at 
any given altitude, depending on the other variables. Since 
it is contended that gg is the controlling density ratio, it 
follows from Fig. 1 that there is no fixed relationship 
between ¢2 and mass flow. 

The significance of Fig. 1 may now be observed. Had 


. o3 ° ° . ° . 
the ratio of ——- remained unchanged with increasing alti- 


oOo 

tude, then there would have been no reason for developing 
a leaving air density correlation. It would have been ade- 
quate to establish by sea-level test-stand work (where ¢¢ is 
constant) the exponent for Ap, and then apply this to oo. 
This is just what was done prior to 1942,’ giving us, for 
example, the approximate relationship: AT’ «o:~°-27Ap~®-27, 
However, with increasing altitude cooling data available, 
it appeared that a greater penalty resulted from the de- 
creasing value of ¢2 encountered at altitude than was indi- 
cated by the above relationship. Accordingly, the 2 
exponent was raised to an empirical value above that 
established for Ap. This resulted in AT’ «o,~°-%Ap-0-27; 
however, such a hybrid expression has little theoretical 
value, and a given exponent can be valid at one and only 
one altitude, so that extrapolating sea-level data by this 
method may give seriously misleading results. 

It should be emphasized at this point that the basic 
behavior of the variables governing cooling is not altered 





at all by changing over to 


a 


3 vaiues as the basis 
lation. There will be some necessary changes 


LOF a corre 
IN assume 


reference conditions, but the method of handling the enoin, 
variables remains unchanged. 


m Derivation of Equations 


The need for a cooling correlation based on ¢J 
air density having been stressed, a possible 


achieving this will now be presented. 


The following four relations have been experiment, 


he leavir 


’ } 
nethod for 


confirmed from a dynamometer calibration of a fy! scale 
engine equipped to measure baffle pressure drop 


Fig. 2). 
6T 


« (g;Ap)" (other variables remaining constant 


Tr <« (o3Ap)! (other variables remaining constant 
pk ‘ 
a Constant = R 
67’ = f (Ihp, Fuel Flow, Rpm, 7'., T2, Blower Ratio 
By definition: 
AT = 6T + Tr 
From (4) we have: 
6T a3A4p \" - 
a se, 
From (5): 
Tr a3Ap \! 
Tr’ 7 (- 6 ) 
Substituting (9) and (10) in (8): 
o3;Ap o3Ap 


AT = 
8) 


eT” ( 





a Fig. 2—Typical total pressure tube installation at front face 
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Equations 11 and 13 relate all the necessary variables, and 
. 
they were used in correlating the results of the reference test. 
The experimentally determined constants are as follows 


R = 0.50 (Fig. 3 



























































200 } | 0.43 
| m 0.56 
| n 0.15 
vo These constants were substituted into Equations 11 and 
13, and then, in order to facilitate the use of the resulting 
equations, their solution, as stated above, was worked out 
graphically. Since Equation 13 includes too many variables 
to be combined readily in a two-dimensional plot, each side 
of the equation was first set equal to an arbitrary factor K. 
It may be observed that K is simply the constant term of 
the quadratic in Ap. Accordingly, (13) becomes: 
es 
ZA Ms Wnt a a + +t 7 de A oe > ST \i+1 Q—I 
0 100 ree 200 300 K 160 + 7 734] R&T” (o3Ap 6 ” 
ov, 1.28 
and: K “ 0 P : . 
sFig. 3-Temperature rise plotted against corresponding net . 13.60 Pi — Ap) Ap 15 
temperature difference, both measured at 6 in. o:4p 
en emenersetinee = Correlation Based on Leaving Air Density 
g by 67” and substituting (6): The graphical analysis as presented is summarized and 
divided into the following parts: 
es <s 4a? P 
| ) , R ( o34] ) 11 I. Obtaining the value of 87” (at 6 in. o;Ap) for any 
6 6 
— YT 
ar . ‘ 
11, which expresses the ratio —,; + r ----| -<--- P—--F-- SE 
57 or 
F ‘ e v 
tion of o3Ap, is the basis for a large i200} — a r ; 
the remaining discussion. Since | | d . ; 
t,\p is the controlling airflow factor, deter- | $/ e 
. . EE — —— ais — 
tion of mass flow, heat rejection, and the -_ | 2 
etric flow leaving the engine may readily é 
ng § ) | : 
: e AT ' rr) 
¢ obtained, given —7;. In order to break up ° — = 
ol” i oe 
o 
73.\p into its component parts, S53 and Ap, we = ’ o 
serve that: e | 1 3 3 
1 Lad 
' re z 
j S w 
) o < 
F P 3 F 520 4 = ~ 
3 ( F ) ( ‘ — | 4 y 
. 29.92 , 160 + 73 ! e . 
PS 
= * 
' 
Ag 1 
ay 17.40 (: ~~ ) ap 12 
160 + 7’; ! 
06 6 | «1600 
By lefnition: ° . 
=e 8 Fig. 4 — Solution 
for the reference 
i Ap + 250 |— | OM fel net temperature dif- 
” ‘ 13.60 = ference from the en- 
x gine operating con- 
t-——— one 
und 10 ~ x ditions. 
‘ a anes 
: ; 3 
, o;Ap . R 8 
Ty =1 + Tr (= Z | 
8) = 
& iso }— SN 
3 
a : -_ 
ubstituting in (12) and recalling (6): | 
‘ , 100 | } a nia 
a T',) (o3Ap) + R&T" (o;Ap)'* 6-- 
| 
; a ee eee. ee 
wtp. — Ap -) ap 13 ad 200 400 600 800 1000 
is 13.60 FUEL FLOW ~ + /ur 
July, 1945 
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internal engine conditions (Fig. 4 — also see 
Equation 16 of Steps 9 and ro of the ex- 
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L 
ample) — vy rg Py 
Il. Obtaining the value of sgAp required : / Sf. pis i 
to produce any value of AT, knowing 8T” V4 Bet Ee a K _ rails tig on) 
from Part I (Fig. 5, Equation 11) . , fe LY) A SF ai wd 
III. Obtaining the value of Ap required Y BA 
to produce the desired ¢gAp established in , y) BA” : | 
Part Il, for any entering air conditions | 
(Figs. 6 and 7, Equations 14 and 15) 1 L 
IV. Obtaining mass flow, leaving volu- “ _ es 8S He *,,° & ® 
metric flow, and the heat rejection to the a 
cooling air (Fig. 8) - 
It is important to note that Part I considers the engine Table 1 — Given Operating Conditions 
operating variables and consequently is concerned with the —a ‘ : 
amount of heat which is being released to the inside of the Bhp 1300 800 
cylinder wall. This section is principally a refinement of og - = 
previous methods long since in use. On the other hand, ee aeenee A rap 
Parts II, III], and IV, which are the main contribution of Altitude 500 27 ,000 
‘ ; : : Speed , mph 130 (indicated) 300 (true 
this paper, deal with the variables governing the flow of Air Temperature Standard Army NACA 
cooling air and resultant dissipation of heat from the out- tae J be .. 
side of the cylinder wall. Accordingly, when considering oe ea pre tg ay ; : 
the engine variables and their effect on heat generation, all Heat Rejection, hp ? ’ 


work is done at the assumed referemce condition of 6 in. 
o3Ap, as previously noted. In this manner, once the value 
of 8T’ is obtained then the effect of cooling airflow may 
be studied. The value of 87” is first established in a simi- 
lar manner by assuming reference values for all but one of 
the engine operating conditions. In other words, 3T’ may 
initially be expressed as a function of only one variable. 
It has been found convenient, as in Reference 1, to choose 
ihp as this unrestricted variable. The additional reference 
conditions are: 6 in. ¢3Ap, 0.5 isfc, 60 F T,, 60 F To, a 
supercharger temperature rise and heating effect of friction 
horsepower (explained below) corresponding to 2000 rpm 
in low blower, and sea-level exhaust back pressure. 





Fig. 9 presents the experimentally determined relation 


both supercharger blower ratios. Having thus established 
the reference value of 87’ for any ihp, the procedure is t 
consider the influence of the remaining variables in a 
logical sequence. The details of this approach may best be 
understood by the following examples. See Tables 1 and 2 
Example No. 1, which has been drawn on the correspond 
ing figures, illustrates the case of a specified head tempera 
ture and unknown baffle pressure drop. Example No. 2 
the reverse of this, wherein the pressure drop is knows, 
but the head temperature is not. 





The actual working charts represented bj 
7 Figs. 4-8, and 10 are plotted on a much larger 
| 





scale than shown in these figures to permit 
reading them to a reasonable degree of pr 
cision. A detailed explanation of the reasons 
for each step of the outline given in Table 2 



































ad and of the methods used in constructing the 
oe 45 charts is given under the following section 
° T - (93 05 (a 4 ) . . ‘ & " " an - 
: 3T° ( c P) + 3 P “Discussion of Correlation. 
=s6 = 1 t aia = 
a . . . 
q a | m Discussion of Correlation 
aa | ' ; _ 
"” The following discussion has been broken 
| into sections which have been numbered ' 
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the necessary adjustment for variations in 
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cooling or carburetor air temperatures. 
Recent testing has shown that the response 
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| and ihp, and the spacing of the lines provides 
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of head temperature to a change in cooling 
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air temperature at constant mass flow is not 














K = Ap (13.60 Pr, - Op) 


one to one, as was previously believed, but 
approximately an 80 F increase for an in 




















crease of 100 F in cooling air temperature. 
This is substantiated from an analysis of 
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-orrespond directly to the steps of the above examples. 

Since all of Part I is devoted to variables within the 
cylinder head, it is not a part of the exposition of the 
eaving density method. Accordingly, some readers may 

sh to pass over Part I at first and go directly to Part II. 


Part | 


Steps 1 and 2. Supercharger Horsepower Correction 
Factor-In high-blower operation, the ihp is necessarily 
greater than in low-blower operation for any given value 

bhp, since more power is absorbed by the supercharger. 
This difference is a function of impeller tip speed and 

efore of rpm. In order to have the same set of basic 

lines applicable to both blower ratios, it is necessary 

ultiply the bhp when operating in high blower by a 
factor which will increase the ihp to the proper value for 
any rpm. This factor has been experimentally determined 
nd included in the insert of Fig. 4, plotted against rpm. 

Step 3. Indicated Horsepower — The spacing of the rpm 





lines was determined from motoring tests of a complete 
) engine. The total measured friction horsepower for 
combination of rpm and manifold pressure was added 
to the corresponding bhp of an operating engine in order 
obtain the ihp. 
4. Cooling Air Temperature at the Front Face of 
Engine - The temperature of the air at the front face 
i the engine may be calculated by adding the adiabatic 
perature rise, resulting from the airplane’s velocity, to 
tree alr stream temperature, which corresponds to the 
given altitude and air temperature standard. The tempera- 
se itself may be very closely approximated from the 


if aan 3 
temperature rise = 1.77 ( 
100 , 


rue air speed, mph 


Vien 


5 and 6. Net Te m perature Difference Corrected 


‘ Cooling and Carburetor Air Temperature — The family 
lines of positive slope in the lower half of Fig. 4 
mw ‘ACA Technical Report No. 612, 1938, ‘“‘Heat-Transf« 


Aircooled-Engine Cylinders,” by Benjamin Pinkel 
\CA Technical Report No. 683, 1940, ‘“‘Correlation of Cocline 
n Aircooled Cylinder and Several Multicylinder Engines,’ 
Pinkel and H. H. Ellerbrock, Jr. 
ser A Technical Report No. 645, 1939, “Correction of Tem 
t Aircooled-Engine Cylinders for Variation in Engine and 
ditions,” by O. W. Schey, Benjamin Pinkel, and H. A 





, ae ae ee © 


the temperature parameter employed in the 


woo 
aa NACA method of cooling correlation.*: ® © 
— T, —T» 
NACA parameter B — — 
T's T's 
Rate of change in 7°, with 7° is equal to 
IT, l 
IT's 1+, 


This indicates that the 0.8 factor obtained from test is 
not necessarily a constant but depends on the value of 6. 
A coefficient of 0.79, however, is a fairly good average. 

In other words, considering the temperature difference 
AT instead of 7, itself: 

0 (AT”’ 


— 0.79 1.00 0.21 
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Table 2 - Outline of Procedure 


E Xx ple Ni 
Step No. Procedure Obtain I 3 
Part I (Fig. 4) 
1 Ato BtoC Supercharger horsepower factor (equals 1.00 and 
therefore omitted in low-blower ratio) 1.00 ) 
2 Bhp X Step 1 Effective bhp 1300 674 
3 D to rpm at E to F Ihp 1490 R45 
4 Ts + Adiabatic temperature rise T: 100 1 4 
5 (0.7T. — T2) —30 14 4 
6 F toG 5T’ corrected for T, and 7 238 17 
7 Bhp X Bsfe Fuel flow, lb per hr 910 
8 G to H (H at fuel flow value) 5T” corrected for fuel flow 204 RR 
9 A tol to J m correction for 57” ; : 14 "4 
10 Step 8 + Step 9 (H to K) 5T” (fully corrected for engine operating conditions) 218 219 
Part II (Fig. 5) 
11 Subtract 7 (Step 4) from average 7', (Fig. 10) AT 307 
12 Step 11 divided by Step 10 AT 1.404 
57 77 
13 See Fig. 5 (Solution of Equation 11) o3Ap 7.85 2 
Part III (Figs. 6 and 7) 
14 Step 4, F absolute divided by Step 10 460 + 72 2.57 2.07 
- 
15 Applying Steps 13 and 14 to Fig. 6, Lto M toN K 
to get graphical solution of Equation 14 “37” 18.4 
16 Step 15 multiplied by 57” K 4020 
17 Add ram due to flight speed to atmospheric 
static pressure, Po Pw», in. of mercury 30.00 1] 
18 Applying Steps 16 and 17 to Fig. 7, O to P to Q 
to get graphical solution of Equation 15 Ap 10.2 
Part IV (Fig. 7) 
19 RtoStoT { AT . : - Mass flow, lb per min 1200 
( 7” from Step 12 
20 RtoUtoV Volume at exit/Ap 2020 35M 
21 Multiply Step 20 by Ap (from Step 18) Volume at exit, cfms 20,600 24,501 
22 R to W to X Multiplying factor for getting hr from 67’ 2.716 2.318 
23 Multiply Step 22 by 57” (from Step 10) Heat rejection in hp 592 49] 


resulting head 
similar. 


temperature 


is the unknown, the procedure is 
However, 


the items in the column under “Obtain” 





* When the value of Ap is given, as in example No. 2, and the 

very 
should 
be arrived at in the order given below, as indicated by their corre- 


sponding step number, rather than in the above numerical sequer 
Note, however, that several procedures must obviously be : 
The rearranged order would be: Steps 1 through 10, 18 down th 
1t, and 19 through 23. 





instead of zero as was previously assumed. And since it The effect of charge air temperature has been 
has been established experimentally (Fig. 3) that Tr’ = mined, both by varying carburetor air temperature and ) 
0.5 8T’ or, adding 87” to each side, that = (A7") = 67”, varying the supercharger ratio at constant ihp and tp 









































) (8T") Test results involving two blower ratios are set forth 
it follows that - ST —0.14 Fig. 11. The testing consisted of running the engine 
ihe several constant values of indicated hors 
30 7 26 eenee power in both low- and high-blower ratios 
| | each at three different engine speeds. [ie 
} } j } ° ° 1 | P 
, ave bet 
| Py ie six points for each power tested ha _ 
a i Te —e a ane plotted on coordinate axes AT’ plotted 
O LOW BLOWER . . wre rise 
6 against dry air supercharger temperature 1s 
| X HIGH BLOWER Formulas). It 
a (calculated from supercharger formulas). " 
——— o. . ting COL 
a" may be seen that the lines representing ‘ 
| . warian 
" | eo | stant engine rpm and power but variadit 
°° | . . Tu 
eae eee eee = oe blower ratio reflect an increase of 15 F in 4! 
w a for a 100 F increase in dry air intake pipe 
. A ee 
03 1SFC temperature. This 0.15 factor was substa 
6o T, ° . . . seanire 
so" T, tiated by variable carburetor air temperatut 
. . 1 re 
INTAKE PIPE TEMPERATURE curves. Therefore, as above, this can & 
AND HERTING EFFECT OF aycon 
FRICTION HORSEPOWER lated to 37”: 
} | CORRESPONDING TO 2000 RPM 
7 | ae io. 
| 
ee 200 400 Goo ~—~800 _— | i t —Fe00 u Fig. 9-Net temperature difference 
INDICATED HORSEPOWER rected to the reference value of all variables 
— sccanciben dantias plotted against indicated horsepower 
‘ 
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Effect of intake pipe temperature ° 

» horsepower on the rspgt minus the 
3 ir temperature, corrected to 6 a Suan 
in. os4p 


aa 


oO 


nte 


=- — = (0.10 
| 3 or. ° 
intake pipe temperature, which 
effect of the latent heat of vapor- -* 
he fuel, must be used since it 
rue index of the heat content of 
_ or rather of variations therein, we ; 
t of fuel-air ratio. 
Combining the two factors, the effects of 
T,, and recalling that 60 F is the 
value for both variables, it follows that the 
3T’ is proportional to 0.10 (T, — 60) — 0.14 
), or 87” & 0.14 (0.7T, — T2) + 2.5. Accord- 
1s been found convenient to correct 87” for these 
multaneously. The constants of. this propor 
- used in constructing the power lines of con- 
T2) of Fig. 4 from the reference line of 





these steps consist of evaluating (0.7T, — T2) 

| determining the value of 8T”’ at point G in Fig. 4. 
Steps 7 and 8. Net Temperature Difference Corrected 
Fuel Flow —The reference value for mixture strength 
hosen as 0.5 isfc. Except for extreme fuel-air 
was found that increasing the fuel flow 1 Ib per hr 


ed 8T’ by 0.2 F, regardless of the other variables. 


Since the numerical value of this relationship as set forth 


n Fig. 4 is the result of a single test, it may not necessarily 
resentative of this engine model. The correction for 
strength is readily accomplished in the present 


$20 + 









| 
4 


MaAsirouet RSPGoT 














OS 


co 


See See & 


26 300 340 380 420 
AVERAGE RSPGT ~ °F 


| REED Se B | 


+ 
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example by following the guide lines from Point G to 
Point H. 

Steps 9 and 10. Net Temperature Difference Corrected 
for Supercharger Temperature Rise and Heating Effect of 
Friction Horsepower — Referring again to the experimental 
results plotted in Fig. 11, one notes that when intake pipe 
temperature is increased by increasing overall engine rpm, 
instead of that of the supercharger impeller alone, the 
change in 87” is considerably more than when an equal 
change takes place in intake pipe temperature as a result of 
shifting blower ratio. This difference is apparently due to 
the fact that a double penalty must be paid for friction 
horsepower. First, cooling must be supplied to dissipate a 
portion of the indicated horsepower, which includes the 
friction component, and secondly, 100% of the friction 
horsepower developed must be discharged in the form of 
heat. A portion of the friction heat will be rejected to the 
cooling air as a result of higher cylinder temperatures. 
Since the engine rpm has two effects on cooling, that is, 
that due to intake pipe temperature rise and the composite 
effect of friction, it has been found convenient to draw the 
basic reference lines of Figs. 4 and 9 for a constant valu 
of supercharger temperature rise and of heating effect of 
friction, both corresponding to 2000 rpm in low blower, 
and to combine these two factors into an empirical correc 
tion for 87’ plotted against rpm. It is essential that the 
influence of T., however, remain as an isolated correction 
as was covered in Steps 5 and 6 and not be combined with 
the composite rpm effect. 

This effect of rpm has been plotted for each blower ratio 
as a correction to 67” in the insert of Fig. 4 and should be 
added to the result of Step 8. It may be noted that its value 
is zero for the reference condition of 2000 rpm, low blower. 
After this factor is added we have a value for 37’ which 
takes account of all the engine operating conditions, exclu 
sive of the quantity of cooling air used. 

In the event that it is desirable to calculate the value of 
®T’ the following approximate equation evaluates the 
graphical solution of Fig. 4: 


Rpn 
8T’ = 0.208 (Bhp ) 0.20Ff + 0.107 
0.147. + 65 4 f (Rpm 16 
where Ff = Fuel flow and the f( Rpm) refers to the 87” 


correction curves included in the insert of Fig. 4. It would 
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a Fig. 12 —Temperature rise across the cylinder » 
barrel plotted against that across the head ¢ 
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; arng: 
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operation, the bhp occurring in the above ‘ | Pd 
equation must be modified by the factor also e “ 7 - a 
included in the insert of Fig. 4 Ca | 
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Step 11. Average Plotted Against Hottest 
Rear Spark-Plug Gasket Temperature — Av- 
erage head temperatures have been used in order to divorce 
from the rest of the correlation the effects of uneven and 
variable mixture distribution. 


Since cooling requirements 
are stated in terms of maximum head temperature a con- 
version such as Fig. 10 is needed. 


Step 12. The Basic Ratio 


Step 19.) 

Step 13. Determination of s3;Ap — (See discussion under 
Step 19 and Fig. 5.) 

The coefficient 0.5 in equation 11 (from which Fig. 5 is 


. Tr’ . 
calculated) is simply the value of 77> Which has been 
called R. (See Fig. 3.) Its significance lies in the fact that 
a value of heat exchanger effectiveness may be derived 
from it directly, if one is interested in this analogy. 


Part Ill 
Steps 14 to 18. Evaluation of Ap—The product s3Ap 


must now be broken into its component parts by using 
Equation 13, after introducing the factor K. Under Step 5 
the variation of T;, with T2 was discussed. This applied to 
fixed engine operating conditions and cooling airflow. Be- 
sides its obvious effect on Ap through the determination of 
AT and through this secondary effect on 37’, Tz has still 
another effect on Ap, which was stressed at the beginning 
of this paper; namely, that even for a given temperature 
rise, variations in the entering absolute temperature pro- 
duce varying percentages of density change in the fin 
passages. This in turn varies the value of pressure drop 
needed. The value of absolute entering air pressure influ- 
ences the pressure drop needed in a similar manner. These 
effects of T2 and P;2 are evaluated in Equations 14 and 15, 
respectively, the graphical solutions of which are shown in 
Figs. 6 and Note that since one is interested in the 
pressure actually at the front face of the engine, the pres- 
sure recovery due to flight speed must be added to atmos- 
pheric pressure. 

Step 19. Cooling Air Mass Flow - Finally the signifi- 


cance of the ratio 


AT 5 f . 
oT” (See discussion under 


+1 becomes apparent. It is, in fact, 


probably the best possible index of how severe a cooling 
problem is presented by the particular conditions specified. 
The numerator shows how large an overall working tem- 
perature difference is available, while the denominator is a 
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direct measure of the heating load set up by the internal 
engine operating conditions. Thus, it is natural that the 
required mass flow should be a direct result of this ratio 
Up to this point o3 has been applied exclusively to the 
density of the air leaving the head fins. Had the tempera 
ture rise of the cooling air been the same for the barrel as 
it was for the head, the average exit density would have 
been the same as that for the head and no distinction would 
be necessary. However, it was found that the temperature 
rise across the barrel was only 75% of that across the head 
regardless of operating conditions (see Fig. 12). Combin- 
ing this with the respective mass flows of the barrel and 
head, determined by flow laboratory tests, established the 
fact that the average temperature rise is nine-tenths of that 
across the head. However, it was found that the greate 

error in heat rejection and mass flow which ae result 
was less than 3%. This variation in leaving density has, 
therefore, been neglected for simplicity’s sake. The rela 


tionship between —, and mass flow (Fig. 8) was readily 


éT" 
established by combining the required ¢3Ap value as ind 
cated by — 


2 with the corresponding mass flow as deter- 
mined in an Tie laboratory, namely M. = 381 (oA 

It should be noted that when only the value of mass flow 
is desired, that is neglecting Ap, Steps 13 through 18 may 
be omitted. 

Steps 20 and 21. Exit Cooling Air Volumetric Flow 
is also very important in aircraft design work to have the 
volumetric flow leaving the engine. This may be expressec 
in terms of o3Ap, which established mass flow, and t! 
leaving density ratio ¢3, the latter being available onc Ap 
is known. Thus, it is apparent that while mass flow follow 


immediately from the ratio 57” volumetric flow depends 
\T 

in addition on Ap. The relation between yp and ¢ Ap 
ss . ‘ Cfm; .. — 

(Fig. 5) was used in constructing the line of Fig 

It should be noted that once again ¢3 is used as the average 

exit density ratio. In this case, however, the error would 

even less than the 3% value mentioned above, and 1as 


accordingly been neglected. 

Steps 22 and 23. Heat Rejection to the Cooling A- 
The head and barrel components of temperature 
discussed in the previous steps, were used in calculating the 
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ejection of the engine. The two factors which 
Hr, namely, Tr and mass flow, are each direct 
; s3Ap and, therefore, Hr may itself be ex- 
- , function of ¢3Ap. It has been shown that the 


H1 , : 
r —- is actually proportional to s3Ap raised to a 
ponential power. Hence, the relationship be- 
re 
\p and 7 (Fig. 5) now enables one to express 
oO 
, function of a directly. Finally since Tr’ is 
0 
ortional to 87’, the corresponding reference value of 
tion, Hr’, will also bear a constant relation to 37”. 
We therefore conclude by making this last substitution 
H me er -_"? 
may be expressed as a function of G77: This has 
een presented in Fig. 8 and is to be used in solving for 
heat rejection to the cooling air. 


s Comparison of Correlations 


[he reasons for using a correlation based on the leaving 
sir density have been presented. Its value is now empha- 
red by pointing out the relatively large cooling penalty 
ich may be predicted by this method as compared with 
hat based on the entering density. For this purpose, an 
nple is worked out in Fig. 13 using both the entering 
and leaving air correlation methods. It may be seen 
it the curves coincide in only the low-altitude region. 
xample selected represents a severe, though not ab- 
ooling load at sea level in order to demonstrate 
rly the radical differences which may occur at altitude. 
lighter cooling loads the discrepancy is smaller, but 
never disappear. Such a behavior seems to be con- 
t with flight data and bears out the fact that at condi- 
of severe cooling load and high altitude a small 
nge in any variable can represent an important change 
required Ap. 
Modifications of fins and baffles to reduce temperature 
| pressure drop of cooling air along the fin passage 
tly modify the severe altitude penalties shown. Re- 
h on such modifications was initiated early in 1943 as 
lt of this analysis, and some of the more readily 
ble changes are now in production. Until this 
nent work. approaches completion it has been con- 
nadvisable during the busy war period to recali- 
current production engine models on the new 
Furthermore, a full treatment of the effect of exhaust 
ssure would ‘be desirable in any such correlation 
lata for this are being obtained. 
ncouraging to observe that recently, the validity of 
lation based on leaving air density has been sub- 
1 by Pratt & Whitney Aircraft from  single- 
tests, covering a wide range of cooling air inlet 
ind density changes.” 


\ 


® Conclusions 


equations and experimental data involving leav- 
lensity observed in the laboratory for a specific 

g iodel have been reduced to a direct, graphical 
th which still relates cooling performance to the 
own entering air conditions. Measurement in the 

ving air temperature is not required for checking 


2 Whitney Report, June, 1944, “‘Cvlinder Baffle 


Pressure 
ow Characteristics of an Aircooled Cylinder at Various 


M. Pindzola and B. T. Howes. (Unpublished 





| 
| 

















[ - 
se | —————— 
BHP » 1300 | 
RPM » £600 | 
Fe = 910 
BSFC - 0.10 


tT » 00°F 
T, *ARMY AIR 

| sr’ 218° @ Su 

| at +238°@ 38500 FT 

SL BACK PRESSURE THROUGHOUT] 

dl en i — 


| 
| LEAVING DENSITY 


2 
| 
| 












—-—-- ENTERING DENSITY 


Lad 
o 
— J ———— 






















BASED ON A = 4 - 
-.33 EXPONENT | 
) 
= 4 
z | l ot 
{ 6 F- - zt 4 
a 
a | ? 
| s 4 
j 4 7 
iz | —_— nS e ae 
——____—_— — —+ + + 
| 450° Limit 2 Po 
- “ 
a 
a 
- 
“ 
a t 
| Seo" LIMIT 
| | 
} 
| } 
e & 4 ———— + =i 
| | | 
° se a 
° 10 20 30 40 50 


ALTITUDE ~ THOUSAND FEET 


a Fig. 13 —Comparison of leaving and entering density methods 


cooling performance, provided this measurement has been 
incorporated throughout the initial cooling tests of each 
specific engine model. 

2. In addition to the usual engine baffle pressure drop, 
the following important cooling factors are now readily 
obtainable for any set of operating conditions by employing 
the leaving density method: . 

a. Mass cooling airflow. 

b. Volumetric flow entering and leaving the engine. 

c. Heat rejection to the cooling air. 

3. A cooling correlation based on the leaving, rather 
than the entering, air density provides a logical and 
straightforward explanation for the increased cooling difh 
culty encountered at altitude. Previous use of one empirical 
exponent for baffle pressure drop and another empirical 
exponent for relative density does not always represent the 
truth and can prove misleading at altitude to an important 
degree. See Fig. 13. When leaving air density is used, the 
heretofore unexplained discrepancy between the two expo 
nents disappears. 

4. The minor effects of intake pipe temperature, cooling 
and carburetor air temperatures, and the additional heating 
effect of friction should not be neglected. These have been 
included in the revised correlation chart presented in Fig. 4. 
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Electronic Analysis of Airplay 


HE term power braking is used*to distinguish the 

airplane braking system from automobile type of brakes 
where the motive power is manual. For the braking of 
large airplanes, the power required is beyond the point 
where it can be supplied manually —energy from an ex- 
ternal source must be used, to be applied and controlled by 
the pilot. 

The system consists of a source of hydraulic power, 
usually an engine-driven pump, an accumulator for the 
storage of energy, and a power brake valve. The brake 
valve is connected by tubing to a cylinder or its equivalent 
at the wheel, serving to apply the brake when hydraulic 
pressure is admitted. 

The brake valve essentially has only one function, to 
allow the pilot to obtain a pressure in the brake determined 
by the distance and force with which he depresses his foot 
pedal. It is a vital link in the safe operation of the airplane, 


[This paper 









and detail requirements as to performance are ra 
becoming more exacting as experience is gained wit! 
ing designs. 


< 


The detail requirements can be summarized as fol 
1. The unit must have high efficiency, that is, the energy 
in the accumulator must be applied to useful braking with, 


minimum of fluid bypassed over the valve to the reseryoi; 
2. The control obtained must be smooth and constant - 
the input pressure to the valve may be as high as 15) 
and useful control involves obtaining a pressure as low as 
25 psi at the brake. The high reduction in pressure cal! 
for careful attention to design. 
3. The unit must have “hydraulic feel,” that is, 
must be a resistance to pedal movement to operate the | 
in proportion to the hydraulic pressure obtained in the 
brake. The resistance should be obtained from pressure 
the brake line and serves two purposes. It contribut 
the control of the airplane by giving the pilot an accurate 


rh was presented at the SAE War Engineering-Annual hey &: : , ; 
Meeting, Detroit, Jan. 11, 1945.) feel of his brakes and, in case no pressure exists, the 
sence of resistance gives instant warning of 
failure. 
4. The units must be uniform. With the 
PEDAL sol PEDAL use of two valves, controlling s parate 
APPLIED RELEASED brakes on two wheels, the braking effect for 
sgl 3 LLSECONOS a given pedal movement must be the same 
. ——{50 PS) for both brakes. 





5. Braking must be obtained as soon a 
possible after the pedal is depressed 


The last requirement is important 
power braking systems. In a master 
inder system of braking the hydraulic | 
is, in effect, a rod, and braking is obtair 


instantly when the rod is moved, bu 
the power braking system, the rod or ¢ 
umn must be created before braking 


obtained. So the brake valve must not 
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a Fig. | (above) - Oscillogram made to de- a OEE 
termine the optimum application and release INiMMTiiiiMiiiic iii PRURAAAD AA AEAHAUAAAebiiE 


time of a brake circuit 
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a Fig. 2 (right) —Oscillogram showing applica- 0 Ei. 
tion and release time of 20 cu in. brake alone 
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iMamydraulic Braking Systems 


nent 


pete 


ssure-regulating device, but also for the initial 
f the brakes it must serve as a directional valve 
¢ of the brake cylinder with fluid. In the 
ines, with the wheels remote from the brake 
a problem, especially with brakes that use 
es of fluid to bring the shoes into engagement. 
testing methods are acceptable in determining if 
hydraulic feel, control characteristics, and so 
“are satisfactory. However, in determining 
val which exists between pedal movement 
:pplication and release, the instrumentation of 
of prime importance. The testing should be 
, complete mock-up of the actual brake system. 
tubing which merely simulates the brake line, 
levice other than the actual brake will usually 
readings. 
of an oscillograph in charting the filling and 
racteristics of the brake system has proved to be 
The availability of a pictorial record settles 
estion the relative merits of 
any part of the system. 
of two hydraulic pressure pick- 
urrent practice. As a rule, we 
pickups in the brake line, one 
outlet port of the brake valve, the 
the bleeder fitting at the brake. 
llograph has two timing waves. 
vave is broken by a microswitch 


by 
Duncan B. Gardiner 


Vickers, Inc. 





IRPLANE hydraulic braking systems must be 
designed to have the highest standard of 
performance without sacrificing reliability. 


By the use of a multielement oscillograph the 
various characteristics of the braking system can 
be recorded simultaneously so that the value of 
design changes can easily be determined. 


Oscillograms for a typical aircraft braking 
system show that relatively minor changes re- 
sult in a wide differential in performance and 
emphasize the conclusion that design changes 
in a hydraulic brake system should be evaluated 
with the oscillograph. 











valve lever moves from the “off” 








and started again when the lever 





preselected position depending on 
pressure to be recorded. The in- 
ng which the lever was in motion 

, timed, and the relationship of 
n to brake pressure is determined 
time by measurement. For some 





On ei ieee nnn Tn Hamesbte: 





wer timing wave is also broken. 








with a microswitch located to 
vave as the brake shoe contacts 
ind is for the purpose of measur 
which may exist between the 
vave at the bleeder fitting and 
cation of the brake. 

hows an oscillogram made to 
the optimum application and 














of an actual brake circuit. The 


on the airplane system being 














in. tube size, approximately — 
In addition to the usual bends, 
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Iscillograms taken at various brake 
pressures 
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a Fig. 4-Filling time — plotted from oscillograms of Fig. 3 


elbows, and tees, the line has two swivel fittings. The 
brake was of the tube type with a required volume of 20 
cu in. at 250 psi. To obtain this picture a directional valve 
of very generous capacity was substituted for the brake 
valve. Manually moving the directional valve opened the 
pressure line to the brake line. System pressure was 1000 
psi and a large accumulator was used to ensure a minimum 
drop during the filling perioa. 

A relief valve in the brake line at the brake was used to 
limit the pressure to 150 psi. The upper wave is the timing 
wave — 60 cps. The wave is broken as the valve lever is 
applied and released. 

The initial phase of the pressure recording indicates the 
time and pressure required to compress the brake springs, 
forcing the shoes against the drum, and the slope shows 
the time required to obtain full braking engagement at 
150 psi. 

The time required to reach 150 psi is 0.3 sec, and this 
can be regarded as the best possible application time for 
this particular brake and tubing system if it were permis- 
sible to use the full rooo psi potential without introducing 
a pressure-regulating device. 

The oscillogram also shows the time required to exhaust 
the fluid and release the brake; as the directional valve used 
had a much larger opening on release than most brake 
valves, the release curve indicated can be regarded as a 
desirable goal. 

Fig. 2 is a study of the application and release time of 
a 20 cu in. brake alone. A brake valve was used for this 
test, and the brake and brake valve were connected by 1 ft 
of '-in. tubing. 


The upper timing wave was again broken as the brake 
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cPRESSURE AT VALVE 


= Fig. 5-Oscillogram taken with 
tubing system 
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pedal was applied and released. The lower timino 
has been used to indicate the time during which the 
shoe is in contact with the drum. This was done by 
a microswitch so that contact was made 
engaged. 






as U 


Fig. 2 shows that the interval between pedal m 
and actual braking is 0.5 sec at 150 psi brake 
This can be regarded as the basic interval for this par 
valve and brake, and with this information it is. of 
possible to plot the increase in application and relea 
which is due to the resistance of the tubing betwe 
valve and the brake. 






In order to plot an application curve oscillograi 
taken at various brake pressures. Fig. 3 shows 
the oscillograms. 





They are all obtained under 
conditions, the brake valve lever is positioned to « 






desired pressure, and the microswitches which n 
break the timing wave are moved accordingly 






Although in making these oscillograms we 





marily studying the time of application and releas 





brake, the picture shows the degree of the pressur 
obtained with the brake valve. The pressure at 
is shown to be held smoothly, and the absenc 

as braking pressure is reached is a desirable condit 








In Fig. 4 a curve has been plotted from the osci 
of Fig. 3. 





Brake pressure has been plotted against 
seconds. The application time is 4 sec at 150 psi 






the time is 0.8 sec, and at 25 psi, application requir 





The increase in filling time at the lower pressur 





to two factors, the restrictions within the brak 
brake springs, which represent 16 psi, leaving 
able head at 25 psi braking pressure. These res 
obtained with the brake within 1 ft of the brak 







Fig. 5 shows results using the same brake and \ 
with the complete tubing system. Care was taken t 
an exact duplicate of the actual airplane braking syste! 

The upper wave is again broken on app! 
release, and drum contact is pictured as before in 
wave. The pickup at the brake valve shows an 
rapid rise in pressure at that point, in fact brakis 
is obtained at the exact instant that the pedal r 
on position. The pickup at the brake shows 
tion time has lengthened appreciably. The ti 
150 psi braking pressure is now 0.8 sec, which 
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a fig. 6—Oscillograms taken for full 
sking system at various pressures 
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1+ brake rises mo- 
mentarily above 
pressure at valve as 

lumn_ decelerates. 
On release, pressure 
1+ valve drops 
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shtly as oil ve- 


ocity increases 
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mss in ume of 0.3 sec due to the resistance of the brake line. 

lograms at the various pressures for the full braking 

ire shown in Fig. 6. The pressure at the valve rises 

and then drops slightly as the column of oil is 

rated. The pressure at the brake rises momentarily 

bove the pressure at the valve as the column decelerates. 

release the pressure at the valve drops sharply, but rises 
ightly as the oil velocity increases. 

fig. 7 shows the plotted results from these pictures, and 

fe curve obtained with 1 ft of tubing is also shown for 

Curves such as this are very useful in graphi- 

: the influence of bends or other restrictions in 

ft hydraulic engineer is restricted in going to 

Biger tube sizes because of the weight increase involved. 

‘study purposes we have made some tests using larger 


rig nows oscillograms obtained after increasing the 

{ ly, to Vp in. 

ire at the valve has the same rapid rise as in 
ires, and the pressure at the brake shows the 
in application time. 


e size from 
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leceleration is greater. Midway on the release 

ting practically no resistance. 
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is evident that the increase in tube size has 
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had almost exactly the same effect as was obtained in mov 
ing the brake to within 1 ft of the valve, that is, the appli- 
cation time at 150 psi is about halt a second, at 100 psi, 0.6 
sec, and at 25 psi, 2 sec. 

The circuit shown in Fig. 10 is typical of many experi ) 
mental brake hook-ups which have been charted. This 
particular experiment uses two tubes between the brake 


valve and the brake — one 4-in. tube being used for filling 

















oscillograms of Fig. 6 




















a Fig. 8—Oscillograms obtained with 
brake system having tube size of 5 in, 
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and a %-in. tube for reaction. The reaction tube samples line at the brake valve, and the other at the brak 
the pressure at the brake, and the brake valve was so con microswitches which break the two timing wa 
structed that on application the valve would stay open shown — two at the brake valve lever, and the ot 
until a pressure impulse was received through the reaction serted through the brake drum to picture the t 
line from the brake. contact. 

The circuit is otherwise a conventional brake system. Typical oscillograms from early tests on a two-t 
1000 psi system pressure was used, and a large accumulator tem are shown in Fig. 11. This particular set 1s 
was placed in the supply line. This diagram also shows valve which had a partial reaction from the actua 
the location of the oscillograph pickups — one in the brake line, in addition to reaction from the second ! 
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m Fig. 10 —Circuit of two-tube system 
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|! -Typical oscillograms from 
,arly tests on a two-tube system 
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lve are not transmitted to the 











h the brake pressure curve is 





with the conventional 
ressure hump exists at the 


in Fig. 12, with a compari 
nventional circuit included 
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iitaltentetnneeieneneeementtl 
7 
g pressures. j 
from a test on a two tube SyS- 
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rse, are preliminary experi- 
and a greater improvement 
specially in the low-pressure 
be expected from a two-tube system. 

scillograms for a brake with 3 cu in. capacity 
Fig. 13. In addition to the extremely rapid 
ference in the type of brake is clearly shown 
ograms. The pressure peak at the valve is much 
need, and the rise in pressure at the valve has 
id that the film has just been able to record it. 
t curve is also extremely rapid and at the valve 
pressure below atmospheric has been re 
this particular set of pictures the lower timing 

roken as the brake valve lever was in motion. 


1 to furnishing accurate information on appli- 
the oscillograph can be used for evaluating 
f brake valve performances. Surges or other 
nditions are readily observed. The oscillograms 
in determining if the valve has satisfactory 
iracteristics, that is, if pressure at the brake is 
to pedal movement by the pilot. The oscillo 
Fig. 14 were taken for this purpose. Line A 
ressure at the brake valve, and Line B the 
he brake. The pressure at the brake when the 
depressed is identical for each application, 
and fall of braking pressure is shown to be 
onsistent. 


s 


which was used in making Fig. 14 is of the 
ype, that is, system pressure must be overcome 
area before pressure is admitted to the brake 
ult of this construction is shown clearly in this 





film. Although the brake lever was moved smoothly the 
brake line pressure at the valve has sharp corrections of low 
magnitude. These corrections would probably show up as 
a swing in an unsnubbed pressure gage, but the oscillo 
grams show that the effect at the brake is barely noticeable 
While we might expect that the pressure at the brake valve 
and at the brake would be identical after the brake is filled, 
there is a slight lag between one pressure and the other 
This is explainable when it is considered that neither the 
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a Fig. 13-Typical oscillograms fo, 
brake with a capacity of 3 cu in. 
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oPrsi. In addition to ex- 


tremely rapid ac- 
tion, difference in 
type of brake is 
shown. Pressure 
peak oat valve is 
more pronounced, 

} ond rise in pressure 

| SEC. os at _valve was so 
rapid that the film 
was barely able to 
record it. Exhaust 
curve is also. ex- 
tremely rapid. 
Lower timing wave 
is broken, as brake 
valve lever was in 

motion 
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a Fig. 14 (below) — Oscillograms ob- 
tained for evaluating other phases of 
brake valve performance 








A-Pressure at brake valve 





B— Pressure at brake 





brake nor the brake line can be regarded as 
an absolutely rigid member, and also, that in 
varying the brake pressure a displacement of 
oil is taking place in one direction or the 
other. 





Films of this type are used to evaluate the 








control characteristics at low pressure. For 
the initial application of the brakes on land 
ing, the airplane is partially airborne and, 
with the wheels lightly loaded, good control 
at low pressure is essential. 


= Conclusions 


It is important that a standard method of 
testing brake circuits be adopted. The com 


e t bt |) 
parison of test results using totally different ‘ehh mmmliaillil ks 08 ei iil hi me 


methods of testing is misleading. 





The final word on the airplane braking system must Another airframe manufacturer uses the os 
come from tests on the airplane. One aircraft manufac much the same manner as has been described 
turer uses a motion picture camera which simultaneously Careful testing on the part of the accessory ' 
photographs indicators showing the motion of the brake and the availability of test data based on a stat 
pedal, the displacement of the brake, and the brake pres- dure can aid the aircraft manufacturer in th 
sure; and this is certainly a very accurate test method. application of the braking system. 
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On Ignition Performance 
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HE post-war engine or, maybe we should say, the post- required for full-load operation. That condition was found 

post-war engine has been the subject of much discus- on a number of pre-war engines. 
the various trade publications. Here is our im- 
of the majority opinion. There will not be any = Fuel 


change in the construction or size. The compres- TI ; } ll h: 
ratio will be higher, probably around 8.5 or 9g to 1. oh, gunshot nn...eetne-tdlenie ts. 205- 8 
tor fuel economy will be continued; hence, effort 
made to run on leaner fuel mixtures. The top 
i will not be increased and, in many cases, the low- 
peed, full-throttle performance will not be as important 
because of the more universal use of automatic transmis- 
ions. This paper will discuss the ignition equipment for 
Nat type of engine. 


influence on the ignition burden, that influence depending 
on the amount of ethyl lead needed to get the required 







octane rating. Some sources indicate there has been enough 
advance in the processing technique so that actually less 
lead will be used than in pre-war days. Other sources say 














that condition will not be universal since there will be 
much fuel processed by smaller refineries that will not use . 
the latest processes and such fuel will use as much or 
Higher Compression a more ethyl lead than in pre-war days. As you know, ethyl] 


\ccording to our tests the higher compression pressure 





‘the 9 to 1 compression ratio will raise the voltage re 
ured to fire the spark plugs at least 25% over the voltage OST-WAR engines, Mr. Hartzell feels, will 
¢quired for the 6.5 to 1 ratio engine if the timing is kept 


# eer hexe have about a 9:1 compression ratio. 
ind will be higher yet if the timing is retarded. 


| g- I shows the increase in spark-plug voltage for the If the ignition systems on these engines are to 
to 1 pression ratio engine in comparison with a function satisfactorily, the author suggests that 
tio engine. manufacturers make the following provisions: 
/ Fuel Mixture Ratios 1. Waterproof the ignition system. 
f Leaner mixtures will also increase the spark-plug volt- 2. Provide the lowest possible capacity to 
* ge. The leanest mixture that will burn requires around ground in the secondary system. 







ugher plug voltage than is required for the maxi- 


3. Use aluminum oxide spark-plug insulators. 
mixture. Previous engines have had lean en 







peed range, but we anticipate that the whole 4. Use a 12-v system. 
a ze v e leaner and, in most cases, the voltage re- 
+s r oad-load operatien will be higher than that 5. Keep the breaker compartment free from 


oil vapors and dirt. 


S presented at a meeting of the Detroit Section of 
Dec. 4, 1944.] 














SPARK PLUG VOLTAGE (KILOVOLTS) 


a Fig. | —Spark-plug voltage requirement increase for a 9 to | 
compression ratio engine 





lead, under certain conditions, forms a conducting coating 
on the plug insulator which effectively short circuits the 
spark plug. 


= Radio Interference 


Immediately after the war some of the regular broad- 
casting services to the general public will move up in fre- 
quency to the 40- to go-megacycle range. In that frequency 
range the automobile electrical system, particularly the 
ignition system, causes interference greatly in excess of the 
interference in the’ 550-1500-kc range now used. The auto- 
motive industry may find it desirable to treat the cars so 
that the interference will be reduced to a tolerable level. 
Of course, if FM sets are used in the cars there is no doubt 
that changes in the ignition installation will be necessary. 
For satisfactory interference elimination at higher fre- 
quencies, it will probably be necessary to use more resistors, 
and possibly partially to shield the secondary system. The 
radio resistors used to date have had but little effect on 
the ignition performance, except, of course, where the re- 
sistors were defective. Occasionally, the idle and road-load 
performance is affected, but wider plug gaps have usually 
corrected that condition. Wider gaps will require slightly 
higher plug voltages, but the increase is much less than 
would be expected. Partial enclosure of the ignition sys- 
tem will no doubt increase the electrostatic capacity to 
ground of the secondary system and the increased capacity 
will lower the voltage that can be supplied to the plugs. 


m Longer Life 


We expect continued effort to provide a car that will 
give trouble-free operation for longer periods. Since the 
ignition system has the reputation of requiring frequent 
adjustment and new parts, considerable study should be 
made to provide a more trouble-free system. The old 
standard of quality may not be good enough in the post- 
war car. 


@ Spark Plugs 


The spark plug will have a more difficult job to do. The 
higher compression engine will require the plug to operate 
over a wider temperature range, with the result that there 
will either be more fouling because of overoiling at low 
speeds, or because of a higher temperature at high speeds. 

It is safe to predict then that the ignition job will be 
more difficult. You may wish to have available that en- 
tirely new ignition system, which would provide trouble- 


free operation for 100,000 miles at least. 
however, we do not have it. 


[ 


nfortuns. 


m New Systems 


The ignition system has been the subject uy 
vestigation during the last few years, both by the ign; 
equipment manufacturers and by other manufacturer : 
were previously not in the ignition equipment bysips 
This work has been mainly in connection with ignit; 
aviation engines. : 

It has been found possible to take the same small amy 
of energy used in the ignition impulse and apply it ty 
plug at a much faster rate and, thereby, produce 


- 


a §) 
at a plug which has a leakage resistance as low a; 
ohms. Also, with the same method, about twice 


con Soe eee 


a ee - 2T 1 RATIO 
65101 RATIO” 
| | 


= + 4 


+. 
| 
| 

+ 


m Fig. 2—Ignition voltage reserve 


voltage can be delivered to the plug. To date, | 
these systems show weaknesses which may be pet 
One is that the duration of the discharge is very 
possibly not over 1 microsec. At full load this dura 
may be enough to give satisfactory performance, 
road load the engine performance is poor and even 
plug gaps do not correct the situation. Another v 

is that the various investigators have not yet founc 
factory materials for some of the parts. For passe! 
operation a third disadvantage is that the 
either operate with a magneto or with a 24-v 
order to give the increased voltage throughout 
range. 


¢ 


system 1 


S( 


Fig. 2 shows the ignition voltage reserve for 
engine with an 8-lobe cam breaker. This is based 0 
distribution system of 50 mmf, a supply voltage of 7 
and a plug resistance in excess of 10 megohms. At! 
50% reserve should be maintained to take cat 
mixtures. 

There is also some work being done with systems w! 
use electronic tubes. Perhaps some development 
type will eventually be used. The cost of these nev 
tems will be higher than for the present schen 
these various new methods will require componet! 
addition to those now used. In view of that ir 
we believe the reader is more interested in lear: 
present ignition system can be made to do the 


€ oi i 


reaseu & 


ngh 


m Low-Capacity Distribution System 
Since we do not have a breaker that will i 


speed operation without losing at the higher speté 
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Day 


Tid 


o rais¢ the voltage at the plug at low speed 
swering the electrostatic capacity of the secondary 
It ow general practice on L-head engines to 
ributor low on the side of the engine and 
g leads partly in order to prevent cross-fire. 
general practice to mount the ignition coil 































































































bu i, which requires a long lead to the dis- 
wtor. 7 nethod provides a distribution system with 
sacity of around 75 mmf. A better arrangement is to 
unt the distributor on top of the engine and use the 
nest possible plug leads with no shielding. By proper 
isement, cross-firing can be prevented. The coil should 
mounted as close to the distributor as possible, and the 
i 
i | 
T + ae -_ 
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a | =: 
Sail ne 
Li ioe J 
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g. 3-Effect of the electrostatic capacity of the distribution 
system on voltage available at plug 


ting lead should not be more than 6 in. long. Valve- 

ead engines have a better distributor location with 
ect to the plugs, but it is still possible to lower the 
acity on these engines further. The capacity should not 
more than 30 mmf. Lowering it from 75 to 30 mmf 
raise the voltage 20%. 

ig. 3 shows how the voltage is affected by the capacity 
fhe distribution system. The voltage is dropped 3000 v 
en the capacity is increased from 30 to 75 mmf. 

g. 4 shows how increasing the capacity to 75 mmf 

ses the voltage available. 


Contact Opening ' 


ne ignition reserve in the middle- and top-speed ranges 
* increased by closer point openings. This is particu- 
on 6-cyl distributors. Our customers who use 
stributors have been insisting on 0.021-in. point 
ning, whereas they could use 0.012 in. It is possible to 
ontact angle from the 36 deg now used to 
change would give the same ignition per- 
it 3750 rpm as is now obtained at 3000 rpm. 
nished cams, better cam lubrication, and cleaner 
partments make this change a safe one. 


luminum Oxide Spark-Plug Insulator 


heat conductivity, mechanical, and insulating 
uminum oxide should provide a spark plug 
less apt to acquire a low-resistance coating. 

important feature, since most medium- 


y, 1945 
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a Fig. 4—Ignition voltage reserve 


and high-speed missing is the result of the voltage being 
lowered by low resistance at the plugs. 


@ Fuel Distribution 


More uniform fuel distribution will eliminate some low- 
speed missing. We know of one engine on which the 
voltage requirement of the No. 1 cylinder is 40% higher 
than the requirement of the others at low-speed accelera- 
tion. A correction of that condition surely is an easier job 
than increasing the ignition performance that much. 


m 12-V System 


The 12-v system, or a dual-coil, 6-v system, will really 
give a big increase in ignition performance in the upper 
speed range. Either method will take care of rather low- 
resistant plugs. It is rather well established that, if enough 
energy can be supplied to the plug to fire it at a higher 
speed or temperature than that at which the coating was 
formed, the coating will be cleaned off and the resistance 
will actually increase with further operation so that the 
plugs have a new lease on life without being removed and 
cleaned. The 12-v system provides that extra energy. If 
the electrical load is further increased it may be advisable 
to change to the 12-v system. The gain to be made in 
ignition performance should hasten the change. 

Fig. 5 shows the gain obtainable with the 12-v system. 
In the normally used speed range there is well over the 
50% reserve needed for lean mixtures and some left to 
take care of low-resistance plugs. 

Fig. 6 shows the action with low-resistance plugs. The 
condition is 60 mph with an 8-cy! engine at road load. The 
voltage requirement is 9 kv. With the 6-v system the 
voltage is decreased to the missing value with a plug 
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SECONDARY VOLTAGE (KILOVOLTS) 


m Fig. 5—Ignition voltage reserve 


VOLTAGE AVAILABLE AT PLUG (KILOVOLTS) 


= Fig. 6— Advantage of 12-v system when spark plugs have low 
insulation resistance -—8 cyl engine, 60 mph 


resistance of 1 megohm. With the 12-v system the resis- 
tance’can be further decreased to 0.3 megohm before 
missing occurs. A system that will fire a plug with a 0.3 
megohm leak will handle most of the coatings. 

Fig. 7 shows the further gain with the 12-v system if the 
capacity of the secondary system is reduced to 30 mmf; 
except in the 500-800 rpm range there is considerably more 
reserve than was available on the pre-war engines. 

Fig. 8 shows the increase in spark-plug voltage due to 
wider plug gaps. It is much less than would be expected. 

Fig. 9 shows the difference in the road-load and full-load 
voltaye requirement for one engine. 

Fig. 10 shows the requirement for another engine where 
the fuel mixtures were such that the road-load requirement 
was higher than the full-load requirement. 

Fig. 11 shows how distribution and mixture conditions 
can be studied by measuring the plug voltage. A much 
leaner mixture is indicated at 60 to 65 mph. 


m Adequate Generator Output 


The energy in each ignition pulse is roughly propor 
tional to the square of the supply voltage. It is very essen- 
tial, then, to use generators that can very easily carry the 
peak loads. Before the boost in generator output several 
years ago there were cars with the supply voltage as low 
as 5.8 v and that condition will exist again if generator 
-apacity i increased as the load is increased. We like 
capacity is not increased as the load is increased. We like 


to base our secondary voltage available figu 
voltage of 7.25 v. 

Fig. 12 shows how the small generator deer rT 
reserve to under that required for lean mixt 


m Timing Accuracy 


We cannot justify the increased cost of imp: 
timing accuracy of the breaker since we have foupé 
there is as much as 15 deg variation in the timing req |_| 
ment of the various cylinders in the same engin LI 
nother place where there is more to be gained by imp, 
ments on the engine. 


= Waterproofing 


Most of the points discussed so far in this paper ar 


that show up on the proving ground tests; howe 





are other failures that cause the car user more worry. a 
occasional miss or the limited top speed does not worry} 6 i 
as much nor cost him as much as the complete f ° 
the system. We contend that by far the most freq X 
cause of complete failure is water — water on t! b 
plugs, water-soaked plug leads, water on and in Sy 
tributor cap, water on the ignition coil, water 4 
ignition coil, water-soaked condenser. 2 
Cars that won’t start when there is a sudder yy 


temperature in the winter and spring, that won't s 
a hard rain, that stop because of road splash and 
all, that drown out in a blizzard, really mak 


val 
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SPARK PLUG VOLTAGE (KILOVOLTS) 


a Fig. 8 — Effect of spark-plug gap on plug 


SAE Journal (Transactions), Vo. 




































9~Comparison of road-load and full-load spark-plug volt- 
age requirement 
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0-Comparison of full-load and road-load spark-plug volt- 
age requirement 
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ery, and sometimes rather cold. Ignition coil 
road not only spoil the trip, but the cost of 

illed in makes it a rather expensive failure. 
etically. sealed coils and condensers should be in- 
n. The additional cost is not much and the gain 
most unbelievable. The life of paper insulation 
y doubled or tripled by keeping it dry, but is 

indredfold. 
er nipples have never had a very good reputation 
roofing means, they corona crack or swell due to 
ifter six months, they are not much protection. 
\ipples made of neoprene or some of the plastics such 
| do a much better job. All junctions in the 
iry system should be sealed, including those at the 
More study on the shape of the nipples would 
i€ 

‘ig. 13 shows the effect of cgrona on nipples made from 
rials, which are, left to right, vinylite, buna S, 


| rubber. None of the vinylite parts show any 
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: Spark-plug voltage requirement at road load 








cracks; the buna S had only 1/3 as much time as the others 
and is really not much better than the rubber. Only two ot 
the neoprene show cracks and all the rubber samples had 
failed long before the picture was taken. The test was 
continued and, at present, the vinylite samples have not 
cracked, no more cracks have developed in the neoprene 
samples, and all but two of the buna S samples are cracked. 

Braided and lacquered high-tension cables, when wet, 
have provided a nice leakage path when the cables touched 
grounded surfaces or each other, and very effectively pre 
vent starting the engine until the cables are dried. Cables 
with the braid saturated are available and, while the satu 
rant does not make them 100% waterproof, it is a great 


help. 


m= Clean Breaker Compartments 


Since the breaker contacts are the bottleneck of the igni 
tion system, cleaner surroundings should be provided for 
them. More effort should be made to keep them free from 
dirt and oil vapors. Oil vapors cause rapid contact erosion 
and high resistant surfaces, and are responsible for many of 
the justified contact changes. 


= Summary 


To summarize: If the manufacturer will waterproof the 
ignition system, provide the lowest possible capacity to 
ground in the secondary system, use aluminum oxide 
spark-plug insulators, use a 12-v system, and keep the 
breaker compartment free from oil vapors and dirt, the car 
user will have less ignition trouble on the post-war, 9:1 
compression ratio engine than he has had on the pre-war 
engine. 
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a Fig. 13 — Effect of corona on nipples — left to right: vinylite, buna 
S, neoprene, rubber 
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by L. J. FAGEOL 


President 
Twin Coach Co. 


EFORE the possibilities and limitations of post-war bus 
design for city transportation can be intelligently dis- 

cussed, I believe it would be well to point out that the 
urban or city motor coach is and must be a commercial 
vehicle capable of justifying its initial cost and daily opera- 
tion on the city streets. In order to do this, it must have 
the following characteristics: 

1. Ability to operate sufficiently below gross revenue per 
mile to permit complete amortization within eight to ten 
years. 

2. Ability to absorb all normal operating expense includ- 
ing cost of fuel, tires, maintenance, repairs, and parts. 

3. Ability to offset municipal, state, and federal taxes 
with something left over to pay interest on the investment. 

Further, more than ever in the post-war period, this 
vehicle must be efficient in every respect to offset the in- 
crease in labor and platform costs. 

It must also be remembered that all of this has to be 
accomplished under ceiling fares, which have been estab- 
lished in this case not by the OPA but rather by the riding 
public and many ill-fated attempts at violation by operators 
throughout the country, wherein a higher fare ultimately 
resulted in loss of revenue. 

Without this ceiling, of course, the possibilities are limit- 
less; however, with the increasing competition and con- 
venience of the privately owned automobile and other semi- 
private means of transportation, any attempt at the produc- 
tion or operation of a motor bus incapable of profitable 
operation under presently acceptable fare structures would 
be suicidal and short-lived. 


Unlike many of the other designs we have all seen for 
post-war products, the urban bus of the future will prob- 
ably never be designed as a “teardrop” model. 


In the first place, it is highly desirable in the interest of 
saving weight, to make use of every inch of space in a 
vehicle that is going to spend its entire life on the city 
streets. Passengers must enter in the front, preferably 
directly opposite the driver, and full headroom over the 
entire length of the body must be provided for the comfort 
of standees as well as to facilitate rapid loading and un- 
loading. 

The length and width of the vehicle, particularly in the 
larger sizes, is usually the maximum allowed by state law. 
Some states now permit 104 in. width instead of 96 in.; 
this added width materially increases passenger comfort 
and makes possible better mechanical design. 


Consideration therefore, in design of buses for city ser- 
vice, will not be in body streamlining but rather an attempt 
at distinctive and pleasing appearance, maximum roomi- 
ness, comfortable seating, improved standee and driver 
vision. The other items to be considered can be broken 
down into three major groups: 


[This paper was presented at a meeting of the Southern California 


de f the SAE, Los Angeles, Calif., Dec. 14, 1944.) 


Post-War Bus Design for ( 


1. The use of new materials. 

2. Mechanical design. 

3. Manufacturing processes. 

First, let us consider the use of new materials, It js ¢ 
course, recognized that each unnecessary additional poy; 
of weight in a motor coach ultimately increases the cos ¢ 
operation. We also know that a certain ratio of horsepoye 
to gross pounds of vehicle weight is necessary for ; 
performance and economy. 

One of the considerations of a new design, therefvg 
will be the use of aluminum and other available lich 
weight alloys in order to produce a coach with a weigl 
versus horsepower equation that will provide a perfor 
ance factor under average operating loads, making it » 
sible for the coach to accelerate as rapidly as traffic cond 
tions will permit or, in other words, at the normal ac 
erating speeds of present-day passenger cars. 

For several years previous to the war, practically; 
high-grade motor coaches were constructed of the lig 
alloys. Generally speaking, their construction was 
and the increase in first-cost over steel constructi 
offset in savings due to lighter weight represented 
economy, and so on. The prospect of reducing wei 
post-war over pre-war coaches will not come up to expec 
tions except through the use of lighter and more effice 
powerplants, transmissions, axles, and brakes. Furt 
will not be possible to reduce weight in body str 
materially except by the use of new and improved ty 
of springs which will better absorb the impact or 
loading. 

In mechanical units several impressive develo 
stand out. Therefore, let us deal with these item 
order of their relative importance. 


= Powerplant 


In the era immediately previous to the war and 
the war, the operators of self-propelled motor coach 
standardized on either the gasoline or the diesel 
with the majority being largely in favor of th 
propelled vehicle. Notwithstanding an increas 
ranks of the diesel proponents, particularly in the | 
years, I am convinced that the gasoline-propelled 
will continue to be the choice of the majority whe! 
review and analyze the gasoline engine as it ! 
known or as it will be known to the motor-coach 
in the future. 

Take the engines being furnished in the early 192 
compare them with the gasoline engines being 
in today’s motor coaches.’ A review of the power! 
curves per cubic inch of displacement and the s 
consumption per horsepower hour reveals that, u! 
able as it may seem, there have been negligible gains 
either horsepower output per cubic inch or 
economy. 


SAE Journal (Transactions), Vol. 5 








mansportation 







that this somewhat startling revelation may be 
understood, I wish to point out that at least in 

engines which were being used in the early 
; were and are of the same make and manufacture as 
now being used and were supplied in the immediate 
war motor coaches. This engine has established an 
record in the field from a low cost of maintenance 
t and is generally recognized as the outstanding 
line engine being used in motor coaches today. I wish 
submit that, basically, other than minor or detailed 

























vements in the use of different and better alloys 
have materially increased the life of the engine, the 
tt design of combustion chamber, porting, and valve 





is identical with the original models of this 


view of what I am about to say regarding the pos. 
the gasoline engine for the post-war bus, it is 
larly striking to realize and note that the engine I 
referred to was and is a commercial adaptation 
1¢, aircraft-engine development of World War I. 
pursuing this subject, let us now consider 
ppened to the gasoline engine during World 


ities ol 


1ab 


juestionably, it is conceded by everyone that this war 
and still is a mechanized war to an extent that 
tally inconceivable at the outset. In order to be 
tely victorious, it has been necessary for the United 
tes and other governments to pour unprecedented sums 
pi money into the development and advancement of inter- 
mbustion engines, the majority of which have been 
n in the air and on the ground. At the same 
der to take advantage of the improvement in 
id make possible higher output per cubic inch of 
ent with resultant lower specific fuel consump- 
horsepower hour, gasoline cracking plants to pro 
octane fuel in unprecedented quantities have 
me a reality. 


su 


nsideration of the eagine must be based on fuels 
ind the assurance that has been given by most 
large refineries that they will have available, at no 
ost, 80-octane or better gasolines immediately 
war. In view of this, it does not take a crystal- 
predict that we will have commercial engines 
will develop in excess of 1 hp per 5 Ib of weight as 
average engine, either gasoline or diesel being 
present-day coaches developing approximately 

lb of weight. 
liction will naturally be subject to some skepti- 
one need merely read the output on modern 
ngines of r hp per 1 1/3 lb of weight to realize 
diction probably is on the conservative side. 
of these engines will actually be lower when 
n dollars per horsepower even though the dol- 
ubic inch of displacement may rise due to the 
r quality materials and holding of closer toler- 








USES designed for city service, Mr. Fageol 

says, will have most emphasis placed on a 
distinctive and pleasing appearance, maximum 
roominess, comfortable seating, improved stan- 
dee and driver vision rather than on body 
streamlining. 


Reduction of weight must be attained, he 
feels, through the use of lighter and more effi- 
cient powerplants, transmissions, axles, brakes, 
and springs that will better absorb the shock 
loading. 


The author also believes that, in the majority 
of cases, acceptable aircraft practices and 
standards will be the tendency of all manufac- 
turers, whether for tubular construction, all- 
welded, or formed and riveted sections. 
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ances, which in turn will contribute to longer life and 
lower maintenance costs. 

These higher outputs unquestionably will be needed, for, 
after the close of hostilities all of the major cities in this 
nation will undoubtedly have an era of road building 
which will produce main intersectional and express type 
of highways permitting higher speeds. This in turn will 
lead to legislation as to minimum speeds which must be 
maintained even on the up-grades. 
will be such that more and more power will be needed and 


The minimum speed 


the manufacturers of motor coaches will have to supply it, 
as anyone who considers or thinks the present-day auto 
mobile, which after all sets the pace, has reached its maxi 
mum in performance is certainly faced with a revision of 
his thinking. 

In final summary as to what the motor-coach operator 
may expect in the powerplant for his post-war bus, I sub 
mit that there are now in the process of being tooled for 
production, gasoline engines which will develop more 
horsepower per cubic inch than any commercial engine 
heretofore available. For example: better than 300 hp will 


be 


ol 


available in the larger coaches without increase 
weight over powerplants now being furnished developing 
only 175 hp. Further, due to the higher efficiency of these 
engines, the operator can look forward to materially better 
fuel economy, resulting in more miles per gallon of gas 
oline. It should be borne in mind that, generally speaking, 
it will not be possible or practical to take present designs 
and, by merely raising compression ratios or “souping up” 
the motor, obtain with any degree of satisfaction the results 
that can and will be achieved by a purposely designed en 
gine. This design must be such that the maximum control 
of combustion is achieved as well as incorporating pro 
visions to absorb the additional loads on bearings and other 
reciprocating parts in order to guarantee return in horse 
power and economy the gains possible by proper design 
for the use of higher octane fuels. 


m Transmissions 


The second item of importance in mechanical units 
unquestionably is the transmission. In order to take full 
advantage of any additional power which may |! 
and make possible the maintaining of higher scheduled 


¥¢ available 





speeds, it becomes doubly important that the actual func 
tions performed by the driver in operating a motor coach 
be simplified and reduced to a minimum of effort, thereby 
allowing him to have the necessary additional ume to 
carry out such functions as more rapid collection of fares, 
imparting information, and making transfers. 

A review and study of the automatic and semiautomatic 
transmissions available or under development today make 
it readily apparent that the importance of this item has 
been recognized by manutacturers and operators alike. 

In the years immediately preceding the war, practically 
all motor coaches were equipped with synchromesh trans- 
missions of conventional design. Also, some coaches 
equipped with these transmissions were produced with 
an automatic gear-shifting arrangement accomplished by 
cipping of the throttle. This relieved the operator of the 
effort and time required to effect a hand shift. At approxi- 
mately the same time there also was offered on the market, 
a fluid or torque-converter type of transmission which had 
been developed and was widely used in motor coaches in 
England and Continental Europe. 

An unbiased and impartial analysis of the results ob- 
tained by the use of these transmissions reveals the follow- 
ing: Notwithstanding highly satisfactory results under 
certain conditions obtained with the fluid type of units, 
generally speaking, taking all of the various operating 
conditions into account, the conventional, manual shift 
type of transmissions have been more trouble-free than the 
automatic shift or the fluid type. This statement being 
particularly true where hilly conditions are encountered. 
However, it does not take into consideration the highly 
important factor of driver convenience, smooth accelera- 
tion, and other operating advantages possible with the fluid 
types. In arriving at the type of transmission most likely 
to become standard on post-war coaches, an analysis of the 
bad features of both gear and fluid units, as well as what 
can and has been done to overcome them, I am sure, will 
give a fairly clear indication in this respect. 

Taking the gear or step types, either manual or auto- 
matic shift, there are the following inherent disadvantages 
to their use in a stop-and-start vehicle: 

1. Uneven or interrupted rate of acceleration which will 
become magnified as power available is increased. 

2. Even in the fastest shifting units the lag encountered 
tends to reduce maximum scheduled speeds possible. 

3. The last major disadvantage being its inability to 
absorb or take advantage of the constant or flat torque 
curve which will be available in the post-war engines. 

These three items are basic in the design and, conse- 
quently, at least as of today, I have not seen anything that 
indicates much chance of their being entirely overcome. 

Chalked up on the scoreboard of the fluid types, there 
are the following chronic complaints: 

1. Oil seals —In practically all operations the seals so far 
used on present versions of these transmissions have had 
relatively short life, caused mainly from overheating be- 
cause of lack of proper radiation from the heat generated. 

2. Freewheeling — This characteristic has materially in- 
creased braking costs and made the operation of these units 
under hilly conditions at least hazardous if not impractical. 

3. Efficiency —- These units range from zero efficiency at 
the start to a maximum of approximately 85% before 
shifting to direct. Further loss is encountered due to the 
torque characteristics of the engines being used, having a 









variation of as high as go ft-lb over the accelerating . 
This has made it necessary to tailor the driving z 
stall point halfway between the high and low torgy, 
ing overrunning on the start and underrunning or |, ; 
the vehicle is in motion. 


Let us now review what has been done to overeoy 























improve these objectionable points. 

In connection with the first two items, we mug + 
take recognition of a wartime development whereus 
due to the adaptation of the fluid type of transmis ; 
tank work, the proper cooling requirements | 
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worked out as well as an improved type of seal, |; 





also necessary to work out a means of braking with ¢ 
compression. This has been done, and it 





1S NOW possi 





to achieve this highly desirable and previously | 
guality through the torque converter. Therefore, 4 
in the newly tooled or latest type of units, the Operator m 
look forward to this feature. 








On the third item some improvement has been : 






overall efficiency; however, the largest gain will be accom, 
plished by the use of this transmission in combination wid 
the high and flat torque characteristics it is possible yp 
obtain throughout the accelerating range with the ng 
type, higher output engines. 







In the layman’s language, this means less running | 
in fluid drive will be required before shifting to dire, 
resulting in better fuel economy and less generat 
heat loss. 







This, I believe, covers the transmission phase of 
and, from the facts presented, it is my opinion that te 
post-war motor coach must be equipped with a fluidyy, 
two-way torque reacting transmission or the equivalent 







m Springs 

The third item in mechanical units is one 
believe over a period of time may well prove to be of equd 
importance with any other improvement, particular 
relates to reduction of overall coach or body mainte 
expense and this is the method of suspension or sprit 

The primary problem in a spring suspension is t 
vide an action which is sufficiently stiff to absorb 
overloads, yet flexible enough under light disturbance 
react without jarring. 






Here again a review of the past practices of susp 
or springing reveals that since the inception of t 
posely built motor coach, the basic method of springing, 
the majority of cases, has remained unchanged 

In view of the fact that the very nature of the wort 
being performed by all motor coaches, whereund 
variation of loading is the rule rather than the excepts 
it is my feeling that the majority of designers of ! 
coaches have not taken proper recognition of the 
an improvement in this respect. This is particular! 
in view of the structural failures encountered by 
manufacturers in substituting the lighter alloys for ste 
their body construction, 
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As is well known, the conventional method of springit{ 
has been and is, at least in so far as commercial vehiss 
are concerned, the leaf-type spring. The specifications ® 
these springs are usually determined by first estimating ™ 
weight to be suspended, then compiling th 
number of leaves to meet this requirement. The creat 
of a soft, medium-soft, hard, or extremely stiff ride a0* 
accomplished within somewhat limited respects by 
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hortening the spring or by using thinner 
_ dependent upon the predetermined re- 


the narrow limitations of ride variation 


as i the leaf type of spring, it also has another 


ch becomes greatly magnified, particularly 
with its use in an eight- to ten-year vehicle. 
lisadvantage is its tendency to build up 





ance with age or, in other words, become friction- 
| This condition is created primarily by the physical 
“ for the location of the springs, whereunder they 
bected to the maximum inundation in all types of 


st or other abrasives which makes their proper 
tremely difficult if not impossible. 


third disadvantage is one which, regardless of 
of spring, thickness of leaves, or the care exercised 


ling of proper lubrication, can never be overcome. 
ference here is to the initial starting friction or 


sia required to set the spring in motion. This charac- 


e, other 


f course, is not noticeable or of consequence on 
y rough or bumpy roads but rather becomes mag- 
and more apparent on a smooth highway. Many 
have had the experience of riding in a motor coach 
their own automobile where small cross-sectional 


s created in the construction of what visually appears 


, smooth highway telegraphed up through the run- 
gear and body to an extent that perhaps made you 
if the vehicle in which you were riding did not 
flat tire. This condition was created due to the fact 
the impact or shock-loading was not of high enough 
tude to break the friction or starting inertia; there- 
than the cushioning afforded by the tires them- 
the vehicle was actually running without benefit of 
gs under these circumstances. 


ing as a specification, the three major shortcomings 

1 the conventional springing methods as a chal- 
be overcome, a method of springing with rubber 
n developed and is contemplated as standard equip- 
n certain post-war motor coaches. First, in order to 
me the high load variation, leverages are incorpo- 


i whereunder the greater the load, the shorter the 
rage, thereby achieving a constant or identical riding 
acteristic regardless of weight being carried. 


condly, the use of rubber, in shear, molded around 


1 bars and encased in tubing for simplification of 
tng. The flow of this rubber is the equivalent of 


tching a rubber band which immediately goes back to 


mal when the pull on it is released. The ride obtained 


i this new design is improved over a conventional leaf- 
— 10} 


ing job to almost the extent that the ride of a vehicle is 


oved by 


] P . . . 
he use of pneumatic tires over a wheel of 


1 
stee! 


g steel. Also all friction and starting inertia are elim- 


as_ well] 


as completely insulating the body and 


ening all noise of the running gear. 


_ 4 


Tlict 


‘truction tests now completed on this spring indicate, 
‘ition to the advantages already enumerated, a life in 
0 miles, and the elimination of all lubrica- 
mally required with conventional springs, as the 
and hangers are also constructed of rubber 

rpings. 

to this there is a saving of approximately 
| made doubly important by the fact that 
“ight is normally unsprung weight or, in other words, 
to the axles. 
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development of high-output commercial gasoline engines for 
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in the sports field, having set an official world record in 
speedboat racing in 1940. 








mw Axles 


I will not dwell particularly on drive axles as, at the 
moment, it does not appear that their design will be mate 
rially changed. It is not possible without risking shorter 
life, to materially effect a reduction in weight other than 
through the use of heat-treated alloy housings to replace 
the conventional steel, the use of which is dependent on 
the ability of the aluminum suppliers to meet competitive 
prices. 

In front-axle arrangements, other than the use of tubulai 
construction to replace the conventional “I” beam, it will 
be extremely difficult to recognize any major changes. 

There is, however, a development which I believe is 
worthy of mention at this time, namely: a dual front-wheel 
axle for use on intercity or high-speed motor coaches. As 
is well known, tire failures have proved to be a major 
hazard in highway coach operation, and the dual wheels 
offer a great safety factor in this respect. 

The other advantage in the arrangement of this axle, 
which at least makes it a potential possibility for use in the 
city coach, is the fact that it provides double the braking 
ability of standard axles. It has steering characteristics due 
to the use of smaller tires which are unachievable with the 
single-wheel type, and this also makes possible the lowering 
of wheelhousings, thereby improving seat arrangements. 


m Brakes 


With constantly increasing speeds, brakes are a major 
problem and offer a real challenge to be overcome. As of 
now, there are several very promising improvements in 
brake arrangements which will reduce weight and cost. 
These include high-pressure, fully hydraulic systems, air, 
and hydraulic combinations, and a high-pressure air unit 
having a series of brake-block segments operated by air 
bags. This is an adaptation of a successful aircraft brake 
and offers great promise. 

Without being specific, I feel quite confident in stating 
that there are and will be improved brakes. 


m= Manufacturing Processes 


Anyone familiar with the multitude of processes being 
employed in the fabrication of bodies of one type and 
another, for air, land, and sea vehicles during this war, 
immediately realizes that the possibilities are great, and 
also somewhat confusing. The methods used vary from 
fabrication, by one means or another, of paper, wood, cloth, 
steel, or aluminum; each used, in one case or another, in 
the construction of a body for a boat, airplane, or land 
vehicle. Furthermore, the proponents of each method of 
manufacturing are able to present extremely logical argu- 
ments as to why their methods and materials used are 
superior to all others. 


—— 
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Therefore, I propose to leave this highly controversial 
phase of manufacturing with the statement that, in the 
majority of cases, acceptable aircraft practices and standards 
will be the tendency of all manufacturers whether it be 
tubular construction, all-welded, or formed and riveted 
sections. 

In addition to this, the motor-coach operator can and 
should look forward to elimination of a great many small 
sources of irritation in maintenance costs, such as rattles 
and squeaks, which will be accomplished mainly by im- 
proved design of operating mechanisms, for windows, sash, 
entrance and exit doors, and so on. 

Another item which is minor but none the less tends to 
mrake difficult the maintenance of motor coaches will be 


the simplification and adaptation of aut 


MOLIVE pra 
by installation of wiring, for lighting and operation; 
tions, in prefabricated harnesses so arranged as to by ». 


accessible and easily removable for repair. 

There are, of course, a multitude of other min, 
which could be discussed in detail; however, ip sunny 
1 wish to state that it will be possible to secure oid 
coaches having advantages which have been heres 
impossible to achieve. Better still, these improven al 
the main, can all be had without the risk of experin, 
tion. In other words, the things that have been an, 
being incorporated, at least in so far as the major se 
concerned, have been well proved as sound and : 
practical as of today. 
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Occurrence of Vapor Lock 


continued from page 401 


gasoline. Case B represents a partially depentanized base 
stock with various additions of butane. Case C represents 
a partially depentanized base stock with additions of 
pentane. 

The Rvp and distillation values for the test fuel to just 
equal the Found curve can be computed from the data 
given by Fig. 12 and the correlation of the previous paper. 
Similarly, the most volatile blends, resulting from blending 
of the components involved in Cases B and C, and having 
temperature-V/L curves wholly above the Found curve 
and thereby providing protection from vapor lock can be 
computed. Fig. 11 shows the temperature-V/L curves for 
these latter cases and the vapor lock protection afforded by 
them in relation to the vehicle requirement which is desig- 
nated by the Found curve. Table 2 shows the Rvp and 
ASTM distillation values for these fuels. 


Comparing the data from Cases A and C, it is apparent 
that the test fuel blends approach very nearly the temper- 
ature-V/L characteristics of the pentane blends of Case C 
and thus may be considered near the limiting condition of 
flat temperature-V/L curves apt to arise in commercial 
gasolines; on the other hand, Case B differs markedly in 
slope of the temperature-V/L curves and approximates the 
upper limit of steep temperature-V/L fuels for commercial 
manufacture. 


Fuels having the Rvp and ASTM distillation values of 


Table 2 — Inspection Test Data for Most Volatile Fuels for 
Vapor-Lock-Free Operation Corresponding to Fig. 12 


ASTM Distillation Temperature, F, 
% Evaporation 


Atmospheric Type of _—— ——_—_______~- — — 
Temperature, F Distillation Curve Rvp 10% 20% 50% 
110 Found — Case A 6.9 130 148 217 
110 Case B | & 164 193 238 
110 Case C 6.8 138 152 205 
90 Found - Case A 9.6 117 133 191 
90 Case B 10.0 147 183 236 
90 Case C 8.7 121.5 131.5 176 
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Table 2 provide for freedom from vapor lock in t 
tion of this vehicle at the test conditions and att 
nated atmospheric temperatures. The calculation ca 
extended to estimate the Rvp and ASTM distillation w 
required to give vapor-lock protection at other atmos 
temperatures and for other fuel compositions 

Provided that the temperature coefficient of the’ 
system is known accurately, the calculations can } 
tended reliably to atmospheric temperatures cor 
different from the atmospheric temperature of 
the temperature coefficient is only estimated, as int 
substantial errors may be introduced if the cal 
were extended to atmospheric temperatures very 1 
different from the test temperature. In relation t 
for this case, the test temperature was about 108 I 
adjustment to 110 F on the basis of the esti 
temperature coefficient can introduce no great error 
if the coefficient were as low as 0.60. On the other i 
the adjustment to 90 F might introduce a con 
error if the coefficient were as low as 0.60. As not 
viously, the coefficient should be measured for each 
which the data are to be used at temperatures ot! 
the test temperatures. 

Because the experimental data did not incluc 
mination of the bottleneck point, fuels other than 
fuel may give a substantial excess of vapor-lock proted 
As previously pointed out the extent of this over prot 
cannot be determined when the bottleneck point 
known. Consequently, fuels that may be of unne 
low front end volatility must be specified. 

















w Conclusions 


The application of temperature-V/L curves 
for use in vapor-lock testing and in interpret! 
of vapor-lock tests is outlined with particula 
the required data and the conclusions that 
when various items of data are obtained from | 
procedures are illustrated by application to tes 
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Making the Cockpit Practicat 


for the Pilot 


by G. F. BEAL 


First Pilot 
Northwest Airlines, Inc. 


WIM 


= safety and dependability of scheduled air 
transportation depends, in part, on how prac- 
tical is the cockpit in which the pilots spend their 
time and carry on their functions while in flight. 


The author of this paper, himself a pilot, has 
compiled here information gained from a ques- 
tionnaire answered by representatives from 
every scheduled airline in the country. 


lt appears that these pilots have definite 
ideas on the improvements that are needed in 


7 HE modern transport airplane is a highly complex and 
sive machine, upon the design of which many 
of engineering man-hours have been spent in 
gain the last ounce of performance which can 
bly be obtained. This effort is absolutely essential in 
that the airplane may be economically sound and 
t performing in such a manner and under such a 
t conditions that a profit may be earned from its 
The airplane must deliver its maximum per- 
mance under the most adverse flying conditions, since it 
t only cannot earn a profit, but only further increases 
's, when it sits on the ground. The ultimate goal is safe 
rauon under any flying conditions whatsoever. 
order to obtain this maximum last ounce of perform- 
Ace trom the airplane, there is a man placed in the front 
pushes and pulls and turns and twists various 
vers, cranks, valves, switches, and other devices, all of 
Which must be done efficiently, correctly, and quickly if 
e is to be brought safely through the adverse 
n which it must operate. If the man is unable 
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cockpits, discussed by the author under the fol- 
lowing headings: 


1. Cockpit window layout [including _pro- 
visions for all-weather visibility). 


2. Instrument panel arrangement. 
3. Cockpit lighting. 


4. Pilot comfort (including adequate seats, 
ventilation, and heating). 


5. Type, location, and accessibility of controls. 


to do this under some conditions, the costly airplane, no 
matter how well designed in other respects, must either sit 
on the ground or may eventually come to disaster. Airline 
pilots do not believe that designers and engineers have 
given the same attention to producing practical cockpits as 
has been given to other phases of airplane design. There 
are probably several explanations for this. No one who has 
not actually flown a transport airplane in the wide variety 
of conditions through which scheduled air transportation 
is conducted can possibly truly understand the difficulties 
with which the pilot is faced in trying to operate with the 
present cockpits. 

Since airline operations of the past are generally regarded 
as having been highly successful, the cockpits have prob 
ably also been considered as adequate. The writer believes 
that more than one unexplained airline accident, to account 
for which many sometimes complicated explanations are 
given, has been due to some seemingly small but important 
defect in cockpit design. Engineers say they find it difficult 
to find out what the majority of the pilots think about the 


various cockpit problems. It has been said that there are 


as many opinions as there are pilots. While there is some 
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THE AUTHOR: G. F. BEAL, who spent his spare time 

flying while he studied and worked at chemical engineering, 
became so absorbed in his hobby that he made it his voca- 
tion. Thus, in 1940, after nine years in charge of research 
and development in the field of vegetable fats for Archer- 
Daniels-Midland Co., and four years of private flying, Mr. 
Beal joined Northwest Airlines Inc. as a pilot. His present 
ition is first pilot on the domestic run betwee 


n Chicago 
nd Billings, Mont. 


justification for such a point of view, the writer believes 
that it is possible to find out what airline pilots really think 
about these problems, and believes that the information 
gathered for this paper is a step in that direction. 

These views were obtained by compiling the information 
gained by circulating a questionnaire on the subject at the 
December, 1944, convention of the Air Line Pilots Associa- 
tion, at which there were representatives from every sched- 
uled airline in the country, including pilots who are flying 
every type of transport airplane now in service on U. S. 
domestic, foreign, and Army contract routes. The writer, 
who was a delegate at this convention, personally consulted 
as many pilots as was possible in the limited time available 
on the subject of cockpit design. In evaluating information 
obtained in this way, it is necessary to consider the past 
experience of the pilots consulted, the areas over which they 
have been flying which may have local problems not appli- 
cable in other regions, and the effects of attempts which 
have been made by individual airlines to solve some of the 
problems involved. 


When considering the design of the cockpit of a new 
transport airplane or of improving that of an existing one, 
some of the factors which must be evaluated are: cockpit 
window layout (including provisions for all-weather visi- 
bility), instrument panel arrangement, cockpit lighting, 
pilot comfort (including adequate seats, ventilation, and 


heating), and the type, location, and accessibility of 
controls. 


= Cockpit Window Layout 


It is recognized that certain arrangements of the cockpit 
windows are more efficient aerodynamically than others, 
but any arrangement which in any way sacrifices visibility 
from within the cockpit in order to gain a few miles per 
hour of additional speed is of very questionable value. The 
forward windows should be relatively close to the pilot’s 
face — at least close enough to be easily reached by his arms. 
There are two reasons for this. First, if one wishes to see 
an object most clearly through a window, he does not stand 
back away from the window but gets his eyes as close to it 
as possible. Second, until the problems of de-icing and 
defrosting windows have been solved beyond the possibility 
of failure, the pilot wants to be able to get his hands on the 
window easily to aid in clearing it. However, the forward 
windows should not be so close as to cause discomfort 
from the heat used for de-icing and defrosting or to impair 
the view of the instrument panel when the seat is raised, as 
is now the case in the DC-3. 

Pilots are almost unanimous in wanting straight rather 
than curved surfaces on the cockpit windows. This is 
because of the distortion to vision which the curved sur- 
faces used in the past have caused, and also because of the 
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very bad effect of the reflections produced by th, 
surfaces at night with the present lighting systems 
is no objection to curved surfaces, provided the 
to vision can be removed, and provided the : 

lem can be solved, but these problems are 1 

until they are solved, pilots want straight s 
windows. Rain on the curved surfaces furth: 
distortion. 

It is very important that one of the forward \ 
designed so that it may be opened quickly and 
in flight. Also, the airflow should be such 
can land the airplane while looking forward throu 
opened window. Many successful landings have beer r 
with the DC-3 airplane which might have resulted jp xs 
dents, if it were not for the presence of the small fo; 
sliding window which can be opened in flight. Piloy 
forward window which can be opened in that airplanes 
the best design of this feature yet available. Wh 
problems of de-icing and defrosting the windshiel 
been solved beyond any possibility of failure, it 
longer be necessary to have a forward windo\ 
be opened in flight. 

It is also important to have a side window whi 
easily and quickly opened. This window should be | 
enough so that the pilot can comfortably put his hea 
and survey the side of the airplane. It must not b 
or held in place by some complicated system of fast 
but should be actuated by a single, quick movement 
hand while sitting in the normal position for 


experience in the C-54 were unanimous in stating t 


airplane. A relatively good example of this feature 
present airplane is in the B-25. Reasons why 
opened window is important are: for quick an 
parking of the aircraft; improved vision whil 
particularly at night to avoid striking parked aircra 
the like; and for checking for the removal of loading ste 
baggage carts, and so on, before the airplane 
ramp. 

In spite of all of the precautions which have been ' 
every year the airlines have a number of incidents result 
in minor damage and delay because of the failure ¢ 
ground personnel to remove objects which the 
strikes upon taxiing away from the ramp, or wi 
blown against the tail surfaces by the blast from ' 
gines. The general arrangement of cockpit win 
the DC-3 and particularly in the C-54 is the most s 
tory now in service, but does not entirely meet th 
ments outlined in these paragraphs. Additional wu 
in the top of the cockpit are not considered desir 
good many pilots would like more side windows s 
as in the present C-46. This is regarded as px 
able but not important, especially if such s 
needed for mounting equipment within the cockp! 

The problem of adequate de-icing and defrost 
windows has not yet been satisfactorily solved | 
the methods now in service. A combination of 
air and alcohol systems has been found to b 
effective, but both of these systems as now us¢ 
quate. The alcohol system will provide som 
under conditions of light windshield icing, but 
distorted vision which is objectionable. Most 
used the alcohol system in some form or other 
it is better than nothing, but that some form 
system will be the best solution. Present hot ai 
not provide sufficient heat and clear only a sn 
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: E che wi eld, and under some conditions none of it. 
ne C-47A does have a good deal of heat available for 
z oo is poorly directed and is a makeshift system 
% S hest hot air blast is largely wasted and is most 
. _-omiortable on the pilot’s face. About the only present 
. sem regarded as fairly satisfactory by the pilots who 
CHE. used it is the heated double windshield developed by 

‘aited Airlines. Objections are: the elimination of the 
r vat sli window, which, when all else fails, is still an 
x nportant safety factor, and a tendency to fog over at slow 
a eeds during a landing. Provision must also be made for 
. frosting the side windows. Pilots believe that the opera- 
* on of large transport airplanes with no side visibility and 

ery little if any forward visibility should be relegated to 


category of stunt flying and should have no place in 
heduled airline operations. 





While on the subject of windshields, too much emphasis 

placed on the development of birdproof surfaces. 
inger of a collision with migratory birds is a very 
in present-day airline operations. 





Instrument Panel Arrangement 


1 te Engineers have frequently thrown up their hands in 
espair after trying to get a group of pilots to agree on 
hat tutes the most practical arrangement of instru- 
nts, particularly the flight instruments. One of the 
this is that each pilot prefers the arrangement 

r ith which he is familiar and which he has learned to use 

Yt ) a satisfactory manner. The question of just which 

igement is best is relatively unimportant. The real 

‘problem is that the pilot must be able to read all of the 

ight instruments quickly and accurately while sitting in 

al position for flying the airplane. There must be 
0 twisting or turning of the head required nor hunting 

ind behind the control column in order to see some 

the nportant flight instrument. Not more than four of the 
ight instruments should be located in any one horizontal 

The eyes can be focused on this number in two or 

e rows much more easily and with less strain than 

necessary to shift them constantly along a row of 

than four. 





are about evenly divided on the question of 

r the-primary flight group should be in the top row, 
the gyro instruments in the second row, or vice versa, 
th re has been a number of variations of this grouping 
bggested, Larger airplanes seem to require greater use of 
Pe gyro instruments and they should, therefore, probably 
be | in the top row, parti¢ularly if the new horizons 
e accurate use of this type of instrument possible. 
' lesirable to locate related instruments, such as 
| landing indicator, directional gyro, and turn and 
icator, in the same vertical column. Any of these 
‘rangements will be satisfactory after the pilot has become 
cust vi to it, provided all of these instruments are 
‘sly visible. The instrument panel should be so designed 
the flight instruments can be read with a mini- 
ifting of the eyes from the normal position for 
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Anyone who has tried to fly a DC-3 from the right-hand 
side during an instrument let down and landing during 
conditions of low ceiling and visibility will agree that this 
is also another form of stunt flying. The most important 
part of the training which a new airline first pilot receives 
is obtained from other pilots with whom he flies while he 
is a copilot. Yet first pilots and check pilots are reluctant 
to allow copilots to fly on the left side of the airplane 
during really poor conditions because they are unable to 
use the flight instruments from the right-hand side in case 
it should be necessary to take over. As airplanes become 
larger, this problem will become more acute. 

All instruments should be arranged in groups according 
to their function, and these groups should be separated in 
such a manner that any one group can be singled out from 
all other groups at a glance. For instance, it should be 
possible to observe the readings of any one engine charac- 
teristic for both or all four engines, as the case may be, 
without hunting around through a maze of dials for the 
particular one desired. The question of whether there 
should be a separate instrument for each characteristic of 
each engine or whether the multiple-pointer instruments 
should be used is not important if an adequate system of 
warning lights is provided. Again this is just a matter of 
becoming accustomed to a particular type. Engine instru- 
ments which have two pointers mounted on separate pivots 
at either side of the instrument are more desirable than 
those having two pointers mounted on the same pivot at 
the bottom of the instrument. If the latter type is used, 
the pointers must be very clearly marked and should be of 
a different color. There is much room for improvement in 
producing instruments with clearly and easily read scales. 
The majority of the pilots consulted prefer separate tachom- 
eters and manifold pressure gages for each engine, even in 
four-engine airplanes, but they agree that if there is not 
sufficient room on the panel, the multiple-pointer instru- 
ments will be adequate. Important instruments, such as 
manifold pressure gages, tachometers, and other engine 
instruments, should be located in the top center space 
where they are easily visible to both pilots. The newer 
automatic pilots seem to require less panel space and can be 
located in some less important position, possibly on the 
control pedestal. 

The desirability of using the sensitive type of air-speed 
indicator should be investigated by all airlines. Relatively 
few pilots have had any experience with this instrument. 
The writer knows of a case where it has been used with 
very favorable results in flying a large airplane in practi- 
cally all types of weather conditions, particularly in turbu- 
lence. Slight changes in attitude are indicated more rapidly 
by this instrument than by the presently used air-speed 
indicators. Yet the instrument is damped so that it does 
not fluctuate as much in violent air. Air-speed indicators 
with a rotatable face which can be adjusted so as to keep 
the pointer in a horizontal position at any desired speed 
have met with some favor, especially by those pilots who 
have used it. Others seem skeptical, and some even regard 
such an instrument as a possible hazard. 


- he of the front windshield. In addition to any other landing gear position indicators 
re ley wey nai airplane as large or larger than the DC-3 which are deemed necessary, there should be one green 
od be two complete sets of the flight instruments, warning light which, when properly lighted, indicates that 
“a ile he gyro instruments. Pilots are unanimous on the entire landing gear is in the proper position for a 
a ms One set even though mounted in the center is landing. Fuel gages should indicate the total amount of 
ate. Such an arrangement provides neither pilot fuel in every tank as accurately as possible. Trick instru 
suitable means of flying an airplane on instruments. ments which do not begin to indicate until the tank has 

No "BP uoust, 1945 


pcb lanitalllll.———— A PT  —nttn 





439 


4 
7 





been partially drained or tanks which have no gages have 
no place on transport airplanes. 


= Cockpit Lighting 


The present direct lighting systems used in most airliners 
are most unsatisfactory and are a hazard to safe night 
flight. It is practically impossible to obtain satisfactory 
lighting of the instruments without impairing visibility 
outside the cockpit. This is particularly important at the 
moment of breaking contact after an instrument approach, 
and in all night flying over mountainous terrain. Indirect 
rim lighting is an improvement but still produces too much 
glare from the point at which the light source is located. 
Pilot’ reaction to fluorescent lighting systems has been 
mostly unfavorable because of fatigue and eye strain, fre- 
quently resulting in defective depth perception. It is very 
tiring to focus the eyes on spots and lines with no back- 
ground to assist in the focusing. Furthermore, one seems 
to continue to see the image of the spots and lines when 
looking outside the cockpit into the darkness. However, it 
is recognized that fluorescent lighting may solve the prob- 
lem of providing visible instruments without impairing 
vision outside the cockpit. Possibly, the faults lie in the 
present fluorescent installations rather than in the funda- 
mental principle of this type of lighting. It has been 
reported that TWA has developed a fluorescent lighting 
system which overcomes the objections and produces no 
eye strain or fatigue whatever. Some of the pilots who 
have used this new system are enthusiastic about it. 

The use of a properly designed red lighting system for 
the cockpit probably offers more promise of solving the 
problem than any other method that has been suggested. 
Such lighting permits the pilot to retain a high degree of 
dark adaptation for vision outside the cockpit while at the 
same time providing adequate vision of the instrument 
panel. Use of an orange-red color seems to produce no ill 
effects on the eyes. In fact a good many pilots have found 
such light to be restful. The simple expedient of covering 
the cockpit light bulbs of the present DC-3s with red 
cellophane produces an astonishing improvement in the 
lighting. It also provides a quick method for experiment- 
ing with red lighting in the present cockpits without cost, 
and should at least be tried out by all of the airlines. 

Even if direct lighting is used, the present installations 
should be improved. There are too many dark areas and 
shadows at present, and the sensitivity of the controls is not 
good. The lighting of the instrument panel should be 
controlled by several rheostats so that the various sections 
of the panel can be adjusted to different intensities. Present 
direct lighting installations should be retained for use in 
ground operations, particularly for cockpit check during 
engine run-up prior to take-off. It should also be possible 
to illuminate the entire cockpit should this be necessary, 
particularly for ground operation. This can be done either 
from one or from several sources lighting different sections 
controlled by easily accessible switches properly grouped. 


m Pilot Comfort 


If pilots are to retain a high degree of efficiency during 
the hours spent in flight, they shculd have more comfort 
able seats than they now have. Many pilots, particularly 
those who are not of average height and shape, have, from 
necessity, learned to fly airplanes from most awkward and 
strained positions, but surely no one will contend that such 





is desirable or necessary. The seat should be adjustab) ¢, 
more travel fore and aft as well as up and down. ke 
should have a tilting back. The entire seat, and particyls,) 
the back, should have more resiliency and should be Joc 
so that when adjusted for proper view of the instrumey 
panel, the pilot’s knees do not bump into the con 
column. Adjustable arm rests should be designed so ity 
they may be extended to correct positions for prope 
resting the arms during long periods when the pilot 
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the controls. Some of the seats in present airplanes hy, 
desirable features, but none was reported as complete) 
satisfactory, except possibly the seats in the Boeing x, 
flying boat. The writer is not familiar with this seat, by 
the Pan-American pilots who were consulted were of ty 
opinion that it is the most satisfactory seat yet developed 
Pilots are unanimous in wanting better cockpit heatigy 
and ventilating systems. No transport airplane in servic 
today has a heating system which is even remotely ade 
quate. The most satisfactory type of heat is obtained from 
the steam systems in the DC-3 but there are many objq 
tions. First, there is not enough heat and the distributig 
is poor. One pilot may be too warm with the furth 
discomfort of a blast of hot air on his legs while the othe 
pilot is shivering. The steam heater needs too much atten 
tion and may run out of water and fail just at a critie 
time when heat is needed for de-icing and defrosting prig 
to a landing. The problems of maintaining a steam heatig 
system if the airplane is to be operated in cold climates x 
tremendous. Hot air types, such as in the C-47A, do po 
vide more heat, but again the distribution is poor, and tk 
heat is so dry that faces and lips become parched 
extremely uncomfortable. Unless present gasoline heatiy 
systems can be drastically improved, they are hardly worth 
of further consideration. It is recognized that the heat 
problem is not an easy one, but it must be solved. T 





















































for five or six hours while the temperature becomes alte 
nately too hot and then too cold, with a blast of hot air 
one’s feet and a cold draft down one’s back is a for 
torture and does not produce a high degree of efficiency 
executing a critical approach and landing at the end 
trip. On longer flights, the discomfort is magnified 










w Controls 





Any discussion of controls should begin with the premix 
that the pilot must be able to locate them easily, quick) 
and accurately even though the cockpit is in cot 
darkness. This is not so difficult of attainment as it migt 
seem. It is a matter of grouping, spacing, and design 
that part of the control which is gripped by the ha 
Pilots prefer throttles of the type used in the C-54, althoug 
the throttle action in that airplane leaves much to * 
desired. Devices for adjusting tension should provide \ 
a smooth, even motion with positive locking into pos 
at any time the hands are removed, but with instant relest 
to any other position when desired. The controls for at 
one function, such as mixtures, props, and carburetor ! 
for both or all four engines should be grouped togetit! 
but any two groups must be spaced and designed so 
they cannot possibly be mistaken for each other. To “# 
a few bad examples which have appeared, such things 4 
landing gear controls constructed similarly and 
adjacent to tail wheel locks, or automatic pilot cont 
which can be confused with carburetor heat controls mg" 
be mentioned. 








































































Ignition switches, starters, and the 








concluded on page 496 
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The Valuation of BETTER FUELS 


by EARLE A. RYDER 


Consulting Engineer 


Pratt & Whitney Aircraft Division 
United Aircraft Corp. 


N the selection or specification of aircraft fuels, the engine 
ilder stands between the operator on the one hand 


and the refiner on the other. The one wants to know, 
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What can we get from better fuel quality?” and the other 


e, “What quality do you want for your engine?” 

To do anything with these questions, we must break 
them down into little questions, each of which has an 
answer. It will also help to simplify the matter if we 
consider separately things that can be done to the fuel to 
help matters, and things that can be done to the engine. 
Some articles in the press and recent gasoline company 


nents have aroused curiosity about superfuels, but 

ally provided much information. Let us see if 

we can answer some of the most obvious questions that 
come to mind regarding fuels for commercial air transport. 


|. Curbstone Answers to Curbstone Questions 


What ls a Good Fuel? 1 think we will all agree on the 
desirability ot the following properties, although some 
compromises will have to be accepted when the matters of 

ind supply come up. 

1. Fewest gtades; recognized specifications. 

No lead (or as little as possible). 
3. Noncorrosive to metal or rubber. 
\dequate storage stability. 
5. Well-balanced volatility. 
No garbage. 
Maximum calorific power. 
Lowest price. 
Highest knock value. 
10. Standardized physical properties. 
These ideas will be expanded later on. 
What Is a Better Fuel? Aside from knock value, the 


characteristics listed above are just as important and just 
as casy to obtain in one fuel as another. It follows that the 
Only substantial difference between one fuel and another 


will be in knock value, and a better fuel is therefore a fuel 
ot higher knock value. 

T 

it ils wrong 


g to say, as some advertisers do, that one fuel 
times as powerful as another. High octane number 
If does not produce more power. It merely permits 
anges in the engine or changes in operating conditions, 
may result in higher power or lower fuel consump- 


lon > , i 

Hon. S the cost per gallon of any fuel increases with 
Ock €, It 1s wasteful to use a higher grade of fuel 

r iry in airplanes just as in automobiles. 

Mees: 20¢T Was presented at the Metropolitan Section Aeronautic 
m. N York City, April 5, 1945.] 


August, 1945 
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Are Superfuels Available? Some of the components of 
the present 1ro00-octane gasoline have high knock value and 
as soon as military requirements are reduced, they can 
undoubtedly be made available for commercial use. 

What Good Will Superfuels Do in Present Engines? 
Engine ratings for commercial air transport are sometimes 
limited by the mechanical strength and durability of the 
engine. In such cases it would not be practicable to in 
crease engine ratings by the use of better fuel because the 
increased power output might shorten engine life or reduce 
the factor of safety. In cases where the fuel knock value is 
limiting, an increase in take-off power can be realized. 
Fuel consumption at cruising power can be reduced if 
knock value is now limiting and a rich mixture is being 
used. Otherwise, if cruising operation is already carried 
out at the best-economy mixture, a small gain may be 
realizable through adjustment of spark advance. Compres 
sion ratio changes on existing engines to take full advan 
tage of better knock value will generally be inadvisable, 
due to the higher maximum pressures entailed. 

What about Future Engines? The chief gain to be 
sought from better fuels is lower fuel consumption when 
cruising. This will be brought about by increasing com- 
pression ratio and will result in higher maximum cylinder 
pressures. Engine parts will probably need strengthening, 
making the powerplant somewhat heavier. 

Under What Conditions Is a More Expensive Fuel 
Justified? It appears that 91 octane will be a base fuel and 
the cheapest one available for commercial air transport. As 
will be shown later, more expensive fuels cannot be justified 
for most short-run operations, say 750 miles or less. For 
flights of more than 1500 to 2000 miles nonstop, the savings 
made possible by high antiknock fuels will begin to pay 





UEL quality is discussed by Mr. Ryder in 
terms of the individual properties of gasoline 
which can be measured. 


An examination is then made of the problem, 
"When can the cost of a superior fuel be justi- 
fied?" A graphic solution of this problem is 


given. 


Engine operating characteristics are reviewed 
from the standpoint of fitting the engine to the 
fuel so as to obtain the best performance pos- 
sible from any given fuel. 
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aircraft design most of his engineering life 
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out and a considerable premium can be afforded for better 
gasoline. 


Fuel Quality — What Is It? 


We might define fuel quality as the sum of all those 
properties which make a fuel suitable for use in an aircraft 
engine. As mentioned above, the only such property that 
is subject to much change is the knock value. In all the 
other properties we require what we consider to be good 
quality in all fuels, whether cheap or expensive. Desirable 
fuel characteristics can be listed as follows and, until the 
question of price is raised, I think there will be little dis- 
agreement about them. 

1. Standard grades and specifications should be adopted, 
and they should be as few in number as possible. 

2. The fuel should contain no lead, or as little as pos- 
sible. The effects of lead compounds on engine parts are 
too well known to warrant further discussion now. A 
harmless substitute for lead as an antiknock agent is 
urgently needed. The prevailing aircraft engines have been 
designed to use leaded fuels and do live with them. The 
use of unleaded fuel will reduce mechanical trouble and 
lengthen the life between overhauls. However, even if this 
period were doubled, the saving in overhaul costs would 
only justify a premium of 4¢ a gal, or something of that 
order. 

The fuel must be noncorrosive to metal or rubber and 
it must have adequate stability in storage. While only a 
small portion of the total fuel produced will need to be 
stored for a year or more, difficulties in planning distribu- 
tion make it almost necessary that all fuels be of maximum 
stability. 

4. Volatility requirements are somewhat conflicting, but 
experience with different types of engines over the past 
several years has provided us with definite ideas as to what 
the engine requires. Front end volatility must be high 
enough for easy starting. At the same time the vapor- 
locking tendency should be as low as possible, and of course 
these two requirements run counter to each other. The 
best working compromise seems to be to place limits of 
140 to 157 F on the 10% boiling point. At the back end, 
vaporization must be complete enough so that raw fuel 
does not pass the piston rings. A high tail on the fuel is 
objectionable (high end point) since it makes distribution 
difficult and promotes lead segregation. A maximum 90% 
point of 257 F is, therefore, indicated, and this is abun- 
dantly justified by flight-test experience in cold atmospheres. 
True enough, we have been getting by with a fuel of 
poorer volatility with a minor amount of trouble; but in 
this, as in the case of any other item of quality, there is 
only an occasional instance when the maximum is needed, 
and at all other times we appear to be throwing away 
something. In order to have the desirable property on 
the rare occasions when it is really needed, it is necessary to 
have it present all the time. Summing up volatility, a 
flat boiling curve is indicated with high 10% and low 
g0% point. Changing volatility with the season, as is 
done with motor fuel, would be desirable if it could be 
worked out, but due to the long distances covered by air- 
planes in a single flight, no practical scheme for doing so 
has been devised. In regard to new engines, there is noth- 
ing to indicate that the requirements will change. It would 
be possible, of course, to build engines that would operate 
with more or less satisfaction on a poorer fuel, but there is 











no reason to believe they would operate as well as or jen . 
than present engines do on a good fuel. 











5. Fuel must contain no components which indivi 
have objectionable characteristics, such as a tendency 
preignition, ring sticking, bearing corrosion, or gum form 
tion. This seems almost axiomatic. We will not sy cess 
fully disguise something like an aromatic amine by dily: 
3% of it with 97% of gasoline. 
































6. Since we are supplying energy to a heat engine, i 
maximum calorific power is desirable. In commercial air 
transport, this means maximum Btu’s per pound o 


: i Tue 
rather than per gallon. Paraffinic fuels are favored by :hs 
requirement. 























7. Viscosity and specific gravity of the fuel should y 
standardized so that carburetor metering will be the san 
on fuels picked up at different stations. This is a problen 
we respectfully turn over to the refiners. 


8. The fuel should have the highest possible knock yaly 


























g. Of course we want the lowest price. 

Fuel quality affects performance (power, cost, and dun 
bility). An engine will deliver best on one fuel, but ap 
utilize others. As engine builders, we will not dictate ty 
fuel to be used, but will offer some advice. As shown 
Section I, knock value is about the only property of a fud 
that is to be varied, so we will inquire further into method 
of utilizing a given knock value to the best advantage 



































Ill. Valuation of Fuel Quality 


The question of what the engine wants can be answered 
in a general way only; many compromises are involved 
Unfortunately, there is no typical case of engine oper 
For general discussion, we can select specimen cases, bu 
each type of airplane and each trip length offers an in 
dividual problem. 














Before considering detailed methods of assessing th 
value of fuels, a quick look at conventional operating 
methods is in order. The prevailing type of engine whet 
installed in a conventional airplane is operated at hig 
power with rich mixture at take-off and emergency cont: 
tions, and at a lower power with lean mixture for a 
ordinary cruising. Fuel economy, as such, is unimportatt 
under take-off conditions because such a short time 1s 
volved. 















The engine manufacturers formerly set a limit for crus 
ing power and speed on the basis of their peer and 
judgment, and by cooperation with airline operators witht 
background of thousands of hours of successful operation 
various engine models. This limit could be considered mot 
or less arbitrary because operations at a higher power ai 
speed would not necessarily cause immediate failure of 
engine. Higher power operation will merely shorten 
gine life, that is, it will reduce the time between overhaul 













Present practice is to guarantee the engine for continuo’ 


t 
to th 


operation at the normal rated power and leave it to 
th 
operator to make his own compromise between the opp 


te 


ing factors of high power output and long engine lilt 























In addition to the normal rated power for continuo 
service, the engine will have a take-off rating for ‘= 
mum of 5 min at a certain higher power and spec?. 
may also carry a still higher standby or emergency ratifi 
which does not apply to normal operations, but can & 
called on in case of three-engine operation or other unus 
conditions. At present, this high rating is obtain d by m 
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but would also apply if a superior fuel were 
the water gadgets could be left off. 

rating may still be the controlling factor in 
n _as in the case of engines originally designed 

octane fuel which have subsequently been derated 

ation on QI octane. 

my” is a term used to refer to the minimum 
fs consumption of which the engine is capable, 
vo the mixture ratio at which this minimum is obtained. 
ye numerical value for a given engine will vary with 
wn factors as speed, power, and spark advance, but com- 
oly occurs at a mixture ratio between 0.06 and 0.065 |b 
fuel per lb of air ingested. 

Best power” means the mixture ratio at which a given 
anifold pressure will produce the highest torque, and is a 
clair ratio of about 0.08. This term does not refer to 
he maximum power of which the engine is capable, be- 
suse sufficient supercharger capacity is always provided to 
aintain the full rated power up to a substantial altitude 
bove sea level, and at any lower altitude the pilot, by 
erely opening the throttle, has available intake air pres- 
wre to produce higher power and correspondingly excessive 
tresses in engine parts. 
Since fuel cost is a large item in airline operation, cruis- 
ng operations are to be carried out at best economy. Mix- 
res for take-off or other high-power operation are com- 
monly richer than the best-power mixture for two reasons: 

get improved internal cooling, and to take advantage of 
higher knock value of the fuel. 

To determine the octane requirements of an engine or 
» compare different fuels as to knock value requires very 
ureful testing in full-scale engines. The CFR engine tests, 
ethods F-3 and F-4, are fairly adequate for refinery con- 
rol to ensure that one plant turns out fuel of the same 
uality day after day. However, in the present state of 
ur knowledge, it is impossible to predict accurately from 
3 and F-4 results, just what performance a given fuel 
| have in a certain full-scale engine. 

Depending on whether one is primarily studying the 
ngine or the fuel, two kinds of information are required, 
ut it will be seen that they do not differ in essentials. 


A. Determining engine requirements (for each engine 
1p] | 
odel ). 


Octane number! for maximum rated take-off horse- 
wer, 
2. Octane number for maximum allowable cruise horse- 
Wer at Maximum cruise speed, lean mixture, and high 
mperature. ° 
Rp ’ . . . . 
5. Comparing fuels in a certain engine. 
'. Maximum detonation-free horsepower at maximum 


ermitted 


utted speed and rich mixture. 


2. Maximum detonation-free cruise horsepower at maxi- 
um permitted cruise speed and lean mixture. 

3. Fuel-air ratio for recommended limiting cruise speed 
“ power, if the latter is not obtainable at best economy 
Ixture 


Fuel Consumption — The specific fuel consumption of the 
sine (pounds per brake horsepower per hour) is deter- 
ined by the engine operating conditions, such as speed, 
*P, compression ratio, spark advance, and therefore may 
ned or limited by the knock value of the fuel; 


hee a . s “knock value,” “antikaock value,” and “octane number” 
re or less interchangeable. 
29.23, mal of the Aeronautical Sciences, Vol. 7, April, May. 1940. 
Sees <-308 : Some Economic Aspects of Transport Airplane 
A y W. C. Mentzer and H. E. Nourse 
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aside from this, fuel economy is a property of the engine - 
not the fuel. In order to assess a fuel, its effect on the 
engine operating regime must be determined so the result- 
ing specific fuel consumption can be estimated. 


Not all operations are now carried out under the most 
economical conditions. A. distinction must, therefore, be 
made between changes that can be made in operating con- 
ditions or in the engine itself to permit better utilization of 
an existing fuel, and changes that will only be permitted 
by the substitution of a superior fuel. In the ordinary case 
where one is already operating at lean mixtures and under 
other suitable conditions, any practical changes that can 
be made to an existing engine will not produce fuel savings 
of more than a few per cent. 

The direct effect of fuel saving on operating cost is 
comparatively small and, in general, any means of fuel 
saving which involves an increased cost per gallon for the 
fuel used must permit an increase in cargo in order to be 
profitable. If, for instance, use of 100-octane fuel instead 
of gt-octane permitted a reduction of 5% in overall fuel 
consumption, this gain would have to be balanced against 
the difference in price between the two fuels which might 
be on the order of 15%. However, if fuel can be taken 
out of the airplane and cargo put in its place, the case is 
different. Strict accounting will give better fuels credit for 
some moderate gain in economy, but no tremendous over- 
night improvement will be realized. Having in mind pos- 
sible improvements of the airplane as against improve- 
ments in the engine, Mentzer and Nourse have said, “While 
reduced specific fuel consumption cannot be overlooked as 
a means of reducing significant cost, it is of secondary 
importance when compared with improvement of aero- 
dynamic efficiency.”” 


Load versus Range - Any study of the value of fuel sav- 
ings requires an understanding of the predominant role 
of the fuel load in airline economics. Contrary to the case 
in ground transportation, the airplane fuel load, except 
for very short trips, forms a large part of the total airplane 
weight, since the total capacity available for fuel plus pay- 
load is a constant. The longer the trip, the less payload, 
until one finally reaches the point where nothing but fuel 
can be taken aboard at the start. This is the ultimate range 
of the ship-the cargo capacity has declined to zero. 
The result of this is that the cost per ton-mile of payload 
carried increases with the distance between stops instead 
of decreasing as with surface transportation. Regardless 
of the rates actually charged, direct cost of airplane trans- 
portation increases with distance between stops. 


The calculation of payload capacity versus range for any 
given airplane is complicated by such considerations as that 
of air speed, power regime (whether power is changed as 
fuel is burned up), altitude, wind allowance, reserve fuel 
allowance, minimum wing fuel limitation, number of fuel 
tanks, number of crew, and propeller efficiency. To sim 
plify the matter enough for discussion, reasonable assump 
tions have been made for these factors and rough calcula- 
tions made for the case of a multiengine airplane suitable 
for long-distance transport operations. Fig. 1 is a chart 
showing weight distribution versus range for this case. 


Reference 
Assumed Letter 
Conditions in Fig. 1 
Take-off weight 65,000 lb A 
Maximum landing weight 55,000 Ib B 


: 
: 
: 
: 


etre NINN. ili OI) nate 


te ee 


i a sel 



































































































































































lb but limited to a landing weight of 55,000 lb. This means 
that the total of cargo plus reserve fuel and all other 
wren except the cruising fuel which will be consumed 
The available 
capacity left can n only be om for fuel and is 10,000 lb or 
1660 gal, which will fly the airplane 2000 miles. Fuel 
economy will not be critical on any trip of less than 2000 
miles i in length, since, if fuel is saved, it is not possible to 


3 There are cases in which the airplane does not have 
cubage to accommodate the full weight of cargo; 
load is represented at M (dotted line). 


‘“Trip” 


sufficient 
in such cases the pay- 


is intended to mean distance flown without refueling. 






















TRIP LENGTH - MILES es 
(TAKEOFF WEIGHT) A 2000 3000 at 2 
65,000 cavl 
In 
s 
ata 
qua: 
take 
(MAXIMUM N wa 
LANDING WEIGHT) |B F 
55,000 ae 
: \\ , 
M 
\MALA ma 
\ \NYNY \ ‘ 
13,250 \ \\ nil 
AAA at 
\K\\S AWA AW woh 
\ \\\ \Pavcono\ « 
NAAN MAA a “ 
\\ \ A | 
(WEIGHT EMPTY \\ \\ \ \\ . 
PLUS CREW & \ \\ \ * 
, EQUIPMENT) \\ \ . \\\ \\ ‘ 
40,000 
Cc 
a Fig. | — Effect of range and fuel consumption on disposable load 
Weight empty plus crew and put in cargo to replace it. Any small saving will b 
equipment 40,000 lb + come, of course, but will not justify a substantial increat bi 
Reserve fuel and oil As shown DEF in cost per gallon. ri 
Fuel consumption, original 5 lb per mile AG It should be noted, also, before proceeding with t! ¥ 
Fuel consumption, improved 4 |b per mile AH cussion, that operations are seldom on a full-load or 100% am 
T _ . ad f: asis. Each carri rill have his own problem 
The assumptions ae eee eae saa ee a load factor basis. Each carrier will have his ¢ f . 
RINE PI: 4 in this regard and can apply suitable factors to get t 
too critically, since this is merely an illustrative case. One é : : : 1 
: proper answer for his own case. It is likely that mud H 
outstanding feature of this showing is the great effect of : ; ae : 
, . ie al toh a higher load factors can be maintained on long-distance 
the landing weight limitation. On the larger airplanes : eae 
"ae? : ; over-water operations than in domestic air transport 
there is often a large difference between the certificated Fe ; : 
— ; . i ks , Fig. 1 is constructed on the assumption that passengtt _ 
take-off and landing weights. This is caused, in turn, by . oe “4 
4s OR hele or other cargo will be available to load the airplane to 8 . 
the landing speed limitation, and, of course, efforts are ; TI 2 ery 1 by DC 
eee” capacity. ax ay ssented by Dl wi 
being made to have this limit raised. However, at present Wg there sags Bhi eC gS —_ F 
: he * which is the landing weight less the empty weight wl 
there are many cases where cargo is limited by the maxi- : , oe 
, , crew, equipment, and reserve fuel and oil.* 
mum permitted landing weight rather than by the total ee 7 D. bat E 
ne oe ; : ie a Critical Distance - No cargo can be added above V, ou ‘ 
capacity of the ship. In the present case, the airplane is ft ie ak oe fuel eget ca 
. . ° ~ Vv Oo > the pa ‘ 
assumed to be licensed for a gross take-off weight of 65,000 after providing for the reserve fuel according t le! 






ticular formula used, DB, the additional w eight from 5 
to A, or 10,000 Ib, may be loaded into the airplane as 1 
This amount of fuel will carry it 2000 miles, and it § 
evident that for trips* of less than this distance no a0 
tional cargo can be added, even though a fuel saving 5 
made. In this example reserve fuel is shown as increasiif 
between rooo and 2000 miles, but this allowance depen 
on regulations and will not be the same in all cases. * 

a trip length of 2000 miles is passed, the required “ 
begins to cut into the payload which declines along line +* 
In this region, reducing fuel consumption permits incte 
ing the payload carried by the ship. For instance, ! ™ 
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fyel consumption is cut by 20%, dotted line AH, the gross 
weight comes down to the landing weight of 55,000 lb 
st about 2400 miles instead of 2000 and the permissible 
payload for that range 1s raised appreciably. This gain in 
payload increases gradually from’ there out, as shown by 

‘,. dotted line extending downwardly to the right. 
Pte other sirplanes, particularly smaller ones, the landing 
weight limitation may not be so drastic or may not exist 
stall. It is necessary to consider each case‘ separately. One 
yther point can be mentioned, namely, that in the case 
ft trips shorter than the critical length, only the necessary 
wantity of fuel will be loaded into the plane so that the 
Foal weight will not be as much as the maximum per- 
. missible. This is illustrated by the dotted line at N on 
i 1. The lower gross weight will improve fuel con- 
umf aption sl lightly or will permit better speed for the same 
power expenditure, but will not increase the maximum per- 
missible payload. With part load, of course, the whole 

chart is lowe red. 

\s regards the value of fuel savings, it is seen there is a 
marked difference between short-range and long-range 
jperations. One cannot draw a sharp line at just so many 
miles but, generally speaking, g1-octane gasoline is indi- 
cated for most domestic transport; whereas for the nonstop 
transcontinental and the long, over-water flights better 
quality fuels may show a profit in spite of a higher price 
per gallon. 
Value of Fuel Saving —If a more costly fuel will permit 
lower fuel consumption, and if payloads can be taken 
aboard to replace fuel which is not needed, one can reckon 
the cost of carrying this marginal payload. The necessary 
data are: 

Cost per gallon of the original fuel. 


2, Per cent of fuel saving accomplished by using the 
better fuel. 

3. Premium paid for the better fuel in cents per gallon. 

Length of the trip. 

Let us assume that by paying 1¢ more per gal, we are 
able to save 1% in fuel consumption by making some 
hange in spark advance, compression ratio, or other oper- 
ating factors, (See Fig. 2.) Then, for every gallon of 
gas saved by the more economical operation, 99 gal will 

be used, so for each 6 lb of added cargo (replacing 
t gal of fuel), g9¢ is added to the fuel cost for the trip. 
H. wever, there is 1 gal of fuel we did not use, and if the 
cost of the low-grade fuel was 10¢ per gal, this brings our 

t increased cost down to 89¢ for 6 lb of added cargo or 
14.5¢ per lb of what we may gall marginal payload. This 
is $296.00 per ton, and taking a 1000-mile trip as a basis, 








a we have a cost of 29.6¢ per ton-mile. 

From these considerations, we can construct a chart 
but (Fig. 3), which will show the direct cost per ton-mile of 
oat carrying the cargo which replaces fuel saved, for any trip 
7 ength, per cent fuel saving, and cents per gallon premium 
tad for the superior fuel. To make the chart as simple as 

, possible, it is based on a price of ro¢ per gal for the original 
dd or low-grade gasoline. Provision is made for correcting 
6 i upward or downward from this figure in the center of the 
os page on the scale between the two heavy vertical lines, 
ends which scale is graduated in cents. 
fet The example shown on the chart by dotted lines with 
fue arrows is for the following case: 

EF Base fuel price, ¢ per gal I4 
reas Price of premium fuel, ¢ per gal —_16.75 
the 
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Reduction of fuel consumption, % 6 
Trip length, miles 1000 
Since the price of the original fuel is 4¢ higher than the 
1o¢ for which the chart is laid out, the 4¢ correction is 
made downward on the center scale. Had the price been 
9¢, a 1¢ upward correction would have been made. 


IV. Some Relations of Engine and Fuel 
1. The following engine characteristics are affected by the 
fuel. 


Characteristic Affected by 


Octane number 
Calorific value, volatility 


Maximum power 
Maximum economy 


Vibration Volatility 

Durability and dependabil- Ring sticking, burning, 
ity bearing corrosion 

Starting and acceleration Volatility 

Cold-weather performance Volatility 


(roughness, poor econ- 
omy ) 
Hot-weather performance Volatility and temperature 
sensitivity 
The gasoline engine is actually an air engine. The 
power developed depends on the amount of air taken in 
for combustion, or the air consumption. The more air 
used, the more power is developed. 

3. To obtain the increased power permitted by a better 
fuel requires the feeding of more air to the inlet valve of 
the engine. This requires a higher supercharger compres- 
sion ratio, entailing a greater temperature rise. A temper- 
ature sensitive fuel will be penalized and will be unable to 
show the high power output desired. 

4. To obtain the better economy permitted by an im- 
proved fuel, the compression ratio of the engine must be 
raised, together with suitable changes in valve timing and 
spark advance. These changes will help engine cooling, 
but involve higher cylinder r-essures and may require 
strengthening of engine parts 

5. Take-off or other high-power operation is done at 
high rpm and rich mixture. Cruising, to obtain long range, 
is done at or near full throttle with rpm as low as possible 
and lean mixture. 

6. The mixture giving best power for a given manifold 
pressure is about 0.08 fuel-air ratio. Richer mixtures are 
commonly used for take-off to get higher knock limits and 
lower valve and cylinder temperatures. 
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7. The mixture for best economy or lowest specific fuel 
consumption is a fuel-air ratio of about 0.06 or 0.065. 

8. The highest cylinder temperature occurs at a fuel-air 
ratio intermediate between best power and best economy 
(other things being constant). 

g. For the prevailing type of engine, the automatic car- 
buretor provides different mixtures at different powers. 
Auto lean gives a best-economy mixture at cruising powers, 
graduating to a rich mixture if the throttle is fully opened. 
Auto rich gives a best-power mixture at medium powers, 
changing to about 0.10 F/A at full throttle. 

10. If required by the necessity for using a fuel of inade- 
quate antiknock value, the carburetor setting may be 
changed to give richer mixtures than the normal optima. 

11. Mixture temperature has a strong effect on knock- 
ing. For a given fuel, peak antiknock value is lower and 
occurs at a richer mixture as the mixture temperature is 
raised. 

12. Cylinder-head temperature has some effect on knock 
ing. Partial control of engine (cylinder head) temperature 
and mixture or carburetor air temperature is normally 
available in airplanes. 

13. The effect of temperature on knock limit is much 
greater at lean than at rich mixtures. This applies to both 
cylinder-head and mixture temperature. 

14. These effects differ in magnitude for different fuels, 
and other important effects are produced by changing spark 
advance, speed, compression ratio, and so on. 


Knocking and Knock Ratings —In the knock testing of 


446 





iF BASE GAS COSTS 
1of, 


CORRECT DOWN BY 
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fuels, the objective which is of most interest to the engine 
builder and operator is the description of the knock char 





acteristics of the fuel in terms which will allow the pred 





tion of its performance in a given engine. This implies 





that the engine builder is able to describe his engine in 
terms of its performance on a certain fuel; in other wor 
the performance of a selected fuel and the performar 









































































a Fig. 4-—Variation of detonation-limited output with charge 
temperature and mixture ratio 
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« Fig. 5- Effect of inlet air temperature on detonation-lim- 
ited engine power 


a certain engine are to be described in terms of one series 
f blends such as the § reference fuel with various amounts 
of lead. This ideal is a long way from realization. 

\s we learn more about fuels, and as the severity of 
engine operation is stepped up, a more complete descrip- 
ion of the fuel is required. A few years ago we were satis- 
ied to know the octane number at a lean mixture (motor 
method, Army or F-3 rating). Later, the emphasis was put 
on rich-mixture performance, and fuel development was 
turned in the direction of improved rich-mixture knock 
value. A means of measuring this property was added to 
the specification (F-4 rating). 

It now appears that still further control should be ap- 
plied, and this requires more information about the fuel 
performance. In long-range operation the rate of fuel con- 
sumption at take-off is of almost no importance, but in 
combat a pursuit ship may be flown a good part of the 
time at high power. Fuel economy at high power is then 
ot very great importance, and the knock value of the fuel 
in the intermediate mixture range must be known. Thus, 
the shape of the entire mixture response curve has signifi- 
cance. Fuels differ in temperature sensitivity, and engines 


Weg . 
Her in 
QUTCT in 


1 mixture temperature characteristics, so that tem- 
perature must be one of the variables investigated in fuel 
testing if complete information is to be had. This is illus- 
trated by the photograph of Fig. 4, which shows a solid 
model constructed from single-cylinder test data on one 
‘uel. The three dimensions are inlet air temperature, fuel- 


it ratio, and knock limited imep. The curved surface 
‘hows the varying effect of temperature at different mix- 
ture ratios. It is evident that ratings are required at more 
than one temperature. Fig. 5 gives the curves from which 
the model was constructed. 


Fu 


air 


1 ’ e . ¥ 
cls also differ in their response to spark advance, com- 


Pression ratio, speed, and so on. As engine design and 
Operating : 

Perating procedures change, fuel testing may have to be 
altered . 

August, | 745 


While fuels may and probably do have several different 
kinds of sensitivity, temperature sensitivity is a well recog- 
nized property and has been measured in many tests. The 
range of temperature sensitivity is about 3 to 7 deg per 1% 
mep at rich mixtures and 11, to 2 deg per 1% mep at lean 
mixtures. This refers to the change in mixture tempera- 
ture which will affect the knock-limited mean effective 
pressure by 1%. 

The prevailing engines are nearly all rated at about the 
same supercharger impeller tip speed, therefore similar 
mixture temperatures prevail. Higher engine ratings will 
require more boost and so higher mixture temperatures. 

Conditions for Minimum Specific Fuel Consumption - 
In aircraft operation, minimum fuel consumption at cruis- 
ing is obtained by operating with power reduced by 
lowered engine speed rather than by reduced manifold 
pressure at high engine speeds. This is due to the reduc- 
tion in friction horsepower obtained by lowering engine 
speed. Benefits in cooling and engine life are realized 
from this plan of operation which is particularly applicable 
to long-range service. Cruising will, therefore, commonly 
be done with full-throttle opening and just as low a speed 
as possible unless this entails excessive bmep, which may 
be the case at low altitude. Propeller efficiency or airplane 
roughness may also need to be considered. The cruising 
value of a fuel will, therefore, be indicated for the engine 
in question by the maximum allowable cruising power at 
full throttle which will be just short of the speed and 
power at which light detonation can be obtained at some 
mixture ratio. Any lower power will then be obtained 
without danger of detonation. In making tests or setting 
ratings, the highest carburetor air temperature must be 
used that will be encountered in service. The object is to 
define the maximum power permissible without any hazard 
of detonation. 

Typical best-economy curves are shown in Fig. 6 and 
indicate that for any required horsepower output economy 
is improved by lowering the speed. This means that for 
any required horsepower the best possible economy can 
only be obtained at full throttle. The mixture ratio for 
maximum knock is very close to that for maximum econ 
omy so that, to all intents and purposes, the cruise rating 
point will be at the highest speed where full-throttle opera 
tion is possible without danger of detonation. 
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a Fig. 7 — Cruise characteristics for a typical engine 


In the example it is indicated that at 1400 rpm and also 
at 1600 rpm the power may be increased to full throttle 
without detonation. Brake specific fuel consumption is 
lowered as power is increased. The solid lines show best 
economy, and each point on such a line is determined from 
a complete hook requiring at least four or five test points. 
The spread between the speed lines is due to the change 
of friction horsepower (including blower horsepower) with 
speed. If plotted on an indicated basis, this spread would 
be much reduced. At 1800 rpm the mixture may be leaned 
out to best economy at part throttle, but light detonation 
is just obtained at full throttle, Point A. The dotted line 
rising up toward the left from Point A indicates part- 
throttle detonation limits at best-economy mixture and 
varying speeds, and says that at the mixture for best 
economy, detonation is obtained at lower powers as the 
speed is raised. As noted above, this is because the tem- 
perature rise in the blower increases rapidly with speed, 
causing a very drastic reduction in permissible mep. 

Since in some cases, the required cruising horsepower 
will be more than that permitted at the cruise rating point 
as obtained above, it is important to know just how much 
the mixture must be richened with each fuel to permit any 
specified cruising horsepower (full throttle) without deto- 
nation. Referring again to the figure, Point A represents 
the lowest speed or power at which detonation can be 
obtained at any mixture ratio.® To obtain more power, 
the speed must be increased, thereby raising the blower 
pressure, but to avoid detonation, the mixture must be 
richened at the same time. Doing this in successive steps 
gives us points for 1900, 2000, 2100, and 2200 rpm, respec- 
tively. Thus far, we have considered a single fuel which 
we will call Fuel X. 

A superior Fuel Y might permit full-throttle, lean- 
mixture operation to Point F at 825 hp and at higher 
speeds, Points G and Y. 

Engine Limits in Cruise Operation -For each engine 


chart only represents conditions at a single altitude 
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a Fig. 8— Fuel performance required at best-economy mixture 


model the engine builder or airline operator has set uy 
certain limiting values for power, boost, rpm, and so on 
based on a vast amount of endurance testing and field 
experience. The chart of Fig. 7 shows the relation of such 
limits to each other as they might be specified for a typical 
engine. Manifold pressure or boost is plotted against rpm 

The maximum permissible boost for continuous cruising 
is indicated at AB. Maximum cruise rpm is CD. Ma 
mum horsepower is BC. The line EF shows full-throtte 
manifold pressure for different speeds. The chart is drawn 
for sea level. EF will drop considerably as altitude is in. 
creased, while ABC will drop slightly due to reduced 
exhaust back pressure. The sloping dotted lines are con 
stant horsepower lines. To be suitable for this engine, a 
fuel must give knock-free operation in the range below 
and to the left of A, B, C, D at the highest temperatures t 
be met in service. 

On the chart, Line GH. is the trace knock curve for Fuel 
V established by finding the knock-limited boost for this 
fuel at several different speeds. This line GH exhibits an 
important characteristic of engines with gear-driven blov 
ers, namely, that at increasing speeds, knock-free power 
decreases. This is shown by reference to the constant 
horsepower lines. The cause of this phenomenon is the 
increased blower outlet temperature at the higher spec 

It is evident in the present example that detonation 
prevail at boosts and speeds represented between BC 
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a Fig. 9- Effect of compression ratio on peak pressure (constant 
mep) 
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a Fig. 10- Effect of spark advance on peak pressure 


GH unless a richer mixture is used. A better fuel, W, is 
knock-free at any permissible cruising speed and boost. It 
will be understood that the lines shown for V and W are 
merely typical. Actual test data show similar slopes which 
vary with different fuels and engines. 

Effect of Engine Design - Whenever a substantially bet- 
ter fuel is made available, the engine builder will probably 
take advantage of it by slightly raising the compression 
ratio of the engine so as to obtain better cruising economy. 
However, with the present compression ratio of about 
6.7:1, current fuels have inadequate knock value in well 
supercharged engines, particularly at the lean end of the 
mixture range. 

In most engines the spark setting is a compromise be- 
tween take-off and cruise requirements, and better economy 
t low cruising power may be obtained by advancing the 
spark. With adequate fuel knock value, two-position spark 
advance can be used to obtain the best fuel economy when 
cruising at low powers, while at the same time raising the 
knock limit and reducing maximum pressure for take-off. 

The effect of changes in compression ratio on the fuel 
requirement of the engine depends on such factors as speed, 
valve timing, and cylinder-head design. Fig. 8 shows the 
combined effect of spark advance and compression ratio on 
tuel requirement as it might appear at lean mixture and 
maximum cruising speed and power. The slanting lines 
indicate relative lean mixture ratings of fuels which would 
just be detonation-free at the various conditions. This chart 
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® Fig. 11 - Effect of spark advance on required boost 
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a Fig. 12- Variation of best-economy fuel consumption with 
compression ratio and spark advance 


indicates the large improvement in lean mixture knock 
rating required to permit any great change in the engine 
set-up. 

Increasing the compression ratio of an existing engine is 
not a mere matter of changing pistons. Fig. 9 shows the 
effect of compression ratio on peak cylinder pressure when 
the mean effective pressure is held constant, that is, for 
constant horsepower output. Spark advance has a similar 
marked effect, as shown in Fig. 10. A proper compromise 
between compression ratio and spark advance can be used 
to help maintain reasonable cylinder pressures, but other 
effects of spark timing must also be considered. Fig. 11 
shows the required boost pressure to maintain a constant 
mep for different spark timings. Speed, mixture strength, 
and power output are assumed constant. 

By combining some of the above relations, a chart can be 
constructed showing the effect of various compression ratio 
and spark advance combinations on specific fuel consump- 
tion, with fuel requirements superimposed. Fig. 12 is such 
a chart, and while it does not represent any specific engine, 
it exhibits the trends of the various factors. From such a 
chart, one can determine what change in compression ratio 
would be permitted by a given improvement in fuel knock 
value, and the gain in economy which would accompany 
this change. Conversely, it is possible to find the result of 
using an inferior fuel as, for instance, a change from grade 
100 to gt octane number, and to estimate to what extent 
this could be compensated for by a change in spark ad- 
vance. The other considerations previously discussed must, 
of course, be given due weight. 

Concluding Remarks - Fuel quality has been discussed 
and it was shown that, except for knock value, only one 
quality is justified. A method has been presented for the 
valuation of fuel savings with charts showing some of the 
principles involved. Engine operfting methods and engine 
design factors have been reviewed, and a graphic method 
suggested for the presentation of some important relations 
between fuel and engine factors. 
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ETAILED technical knowledge of enemy 
weapons is useful not only because of the 
tactical benefits involved, but also because of 


improvements in design that may be used to 

advantage and because of the indication such 

knowledge gives of the availability to the enemy | | 
of essential materials. 


The Ordnance Department, consequently, has 
taken great pains to collect and test a consid- 
erable number of German and Japanese 
weapons, 


Col. Frye has based this paper on these 
studies, discussing the raw materials supply 
situation of both Germany and Japan, and then 
analyzing the parts and processes involved in 
producing several of their weapons. 








NATION'S ability to wage war can be measured by governmental, commercial, and private research organiz 
A its capacity to produce and fabricate metals. History tions, as may best suit each individual case. The whole \ 
tells us that the Assyrian Army was the first to be equipped — supervised and coordinated by the Technical Intelli 
fully with iron weapons (about 700 B.C.), and their supe- | Branch, Research and Materials Division, Research a 
rior arms made them invincible in conquering Babylon Development Service of the Ordnance Department. 0x 
and Egypt. Caesar found the uncivilized tribes of Britain 1400 different types of enemy weapons, ammunition, an/ 
using iron bars for currency, while raiding Norsemen automotive vehicles have been received and examined 
prized iron cooking pots far more than gold or jewels. In Germany has been actively engaged in technical int 
a broad sense, the value of iron and steel has not changed gence work since the beginning of the war. The Japanes 
greatly, and it is because otf this nation’s great capacity to have been shortsighted in this respect, since there are i 
produce and fabricate tremendous quantities of essential cations that it was not until the middle of 1944 that the 
metals that, given time, there could be no doubt about the initiated a technical intelligence program for the stud) 
outcome of the war. The wide range of metals and metal cur matériel. 
lurgy that enters into automotive matériel offers an excel- The German weapons are good and are being constant 
lent opportunity to expand our knowledge of the enemy improved, indicative of the generally accepted opinior 
through a metallurgical study of their vehicles. German ingenuity and engineering ability. In genera 

At the outset of the war, the Ordnance Department they represent modern engineering and design aureus 
recognized the importance of our armies being familiar On the other hand, the Japanese have been accumulating 
with enemy matériel, not only because of the great tactical stock piles of finished —— matériel for the pen ee 
benefits involved, but also because of new ideas or improve daa Much of this equipment was made in foreign 
ments in design that could be used to advantage. Also, tries, notably Germany, while that made in Japan 
detailed technical knowledge of enemy weapons can be an rormally produced according to standards and desig 
important measure of the availability of essential materials. which were acceptable at the time of their CONSTIUCISS 
To accomplish this, it is necessary to capture new enemy The Japanese have not demonstrated ns 
equipment at the earliest date, to make proof and perform and ingenuity beyond that which would be common 
ance tests, to determine the military characteristics, and to €Xpected of them. A review of the eee." avaliahiiny 
make detailed engineering and laboratory studies. Techni- supply situation in regard to the principal eager 
cal Intelligence field teams were organized and assigned to materials will assist 1n evaluating their existing metailury 
our armies to accompany them on the first assault waves cal practices and possibly - foreseeing future piel 
of an attack. The personnel of these teams was trained in Even minor sources of all engineering materials mus " 
existing types of enemy equipment and, consequently, fully be considered since their influence can greatly exten? 
could readily identify new equipment and modifications. the length of the war. 

It was their job to identify such equipment on the battle- 

field, post a guard if necessary to prevent stripping for = German Ferrous Metals 

souvenirs, and to pass the equipment through the rear 
echelons for return to this country. A Foreign Matériel 
Branch was established at the Ordnance Research and 
Development Center, Aberdeen Proving Ground, Md., to 
receive, catalog, proof t@t, and arrange this captured maté 
riel for engineering studies. These studies are made by 


The German steel industry is second only t 
United States, with an annual capacity of nearly 30, 
ingot tons. At the height of her military successes | 
was a potential capacity, including that of occupied 
tries, of over 50,000,000 ingot tons, but it is unlik 
actual production ever exceeded 40,000,000 tons 
oO Ee ET eR it is estimated that this production was decreased 
Meeting, Detroit, Jan. 10, 1945.) 35,000,000 tons as a result of bombing, transporta 
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raniza q ) lificulties. Since that ume, the production 
| , Belgium, Luxembourg, Roumania, and Italy has 





gene fmmecn lost through military reverses. Greater Germany, 
h and fmecluding Poland, probably produced 25,000,000 ingot tons 
D 1943 t is believed that the 1944 production figure 
1, and ) iterially lower as a result of bombing and inter 
k th transportation. 
ntellj. [t is estimated that approximately 9% of the steel pro 
Danese tol enemy Europe, as it existed a year ago, was in 
€ il y grades. Germany proper probably produced from 9 
t they r steel capacity in alloys. 
Nearly two-thirds of the German steel production lies in 
illey and approximately 10 % in the Saar. Since 
stant nucl the German domestic ore contains high phos 
ion of rus, extensive bessemer steel production is maintained. 
itely one-half of German steel production is 





‘iples, made in the open hearth and about 40% by the bessemer 
g l process. 
or 15 Nor y, Germany imported as much as two-thirds of 


¢ requirements, principally from Sweden, 
Luxembourg. The German ore deposits are 
esigi eenerally rather lean, averaging somewhat less than 45% 
ction ron after treatment. However, with more extensive work 
lit ng of their ore fields, there will be sufficient ore for steel 
king capacities, although the shift from the relatively 
y and ich imported ores to the lean domestic ores will require 
ring on anges in furnace practices and an increased use of 
urg ther materials. Transportation of raw materials may prove 
inges serious interruption in steel making. 
cart rermany proper has adequate quantities of good coking 
xtend u. However, the principal coal fields lie within the 
| Ruhr and Saar Valleys. 
ated that until such a time as the Allied Armies 
move into the upper Ruhr Valley, there will be 
| production to meet essential German military 


cour fe” 2erman Ferroalloy Situation 
"7 lar Germany proper has a limited production 


amounting to approximately 15% of her 
requirements. Her early military successes 
sundance from the Nikopol mines of Russia. 
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Smaller quantities were obtained from Czechoslovakia, 
Italy, Roumania, and other Balkan nations. Undoubtedly, 
a considerable stock pile of ore has been created, but the 
loss of her principal sources will cause a high rate of 
depletion. 

Nickel—Prior to the war, Germany stock piled large 
quantities of nickel, but it is estimated that these stock 
piles have been depleted for a year or more. Germany 
proper has a domestic nickel production equivalent to less 
than 20% of her requirement. The main sources have 
been Finland, Italy, and Greece, with a lesser quantity 
obtained from Norway. With the total loss of these sources, 
the German domestic nickel production is entirely inade 
quate, although it is believed that the nickel-rich alloy steel 
scrap which was available to Germany, and the confisca 
tion of stainless steel parts and equipment in occupied 
countries will compensate to some extent for the loss of 
current nickel supplies. The use of nickel steels has been 
restricted largely to aircraft requirements, certainly they 
have been used frugally in automotive equipment. 

Chromium —Germany has made an extensive use of 
chromium as an alloy in engineering and ordnance steels. 
Ic has been used extravagantly, according to our standards, 
in some steels, particularly those intended for armor 
piercing shot, armor plate, and others requiring high 
hardenability. 

Approximately 20% of Germany's chromium require- 
ments were formerly supplied through imports from 
Turkey, and the loss of those imports during the past year 
was a serious blow to German metallurgical practice. 
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Germany has no deposits of chromium and through recent 
military reverses in the Balkans she lost the important 
Yugoslav, Greek, Albanian, Bulgarian, and Roumanian 
sources. This loss of one of the principal alloying elements 
will seriously affect her production of alloy steels, although 
it is probable that, with the small quantity still obtained 
from Norway, the pipe line reserves, and that recovered 
from alloy steel scrap, the production of chrome alloy stee) 
can continue for several months. It seems certain that 
some adjustments in German alloy steel compositions must 
be effected in the near future. 


Molybdenum —Germany has no molybdenum deposits 
within her own boundaries and much of her new produc- 
tion did come from Finland and the Balkans, and their 
loss will deprive Germany of two-thirds of her always- 
limited supply. The principal source left is Norway, whose 
production is only a few hundred tons a year. Prior to the 
war, Germany imported large quantities from the United 
States and had a considerable stock pile from which they 
have been drawing in conjunction with new production. 


Vanadium — The principal sources of supply once avail- 
able to Germany were the deposits in Northern Rhodesia 
and Southwest Africa, and the large quantity recovered 
trom iron ores. Those ores include the titanium iron ores 
of Scandinavia, the Lorraine Minette ore deposits, the low 
grade German “Dogger” ores, those in the Birc Basin in 
France and the Saar Valley. Also, the Italian bauxites were 
relatively rich in vanadium which was recovered during 
the production of aluminum. Military reverses have lost 
the most important sources, but, with some interference 
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a Fig. | —- German 
Volkswagen trans- 
mission assembly 


with steel production, it is possible for Germany to p: 
sufficient vanadium for essential metallurgical and ; 
purposes. 


m= German Nonferrous Metals 


Aluminum — During the early phases of the war Ge. 
many assured herself of adequate quantities of aluminur 
Within her boundaries there is sufficient reductior 
refining capacity, and, by occupying France, Italy, Yug 
slavia, and Hungary, an over-abundance of aluminum wz 
provided, since they mine nearly 60% of the world 
duction of bauxite. Prior to the Allied successes, there was 
nearly -209,000 tons of excess aluminum available for 
stitution for copper and other metals of less favorable 
availability. Germany proper has no deposits of bauxi 
although there are great quantities of clay which could 
developed. It is likely that sufficient bauxite is stock piled 
within her boundaries, which, with the secondary m 
and scrap that exist, will permit its continued use for 2 
requirements until the industry can be converted t 
ery from high silica clay. 


Magnesium —In addition to the use of magnesiur 
explosives and incendiary materials, the Germans 
made extensive use of it for constructional purposes. Ith 
been used extensively to replace more critical materials 
in engineering construction where practicable and 10 \ 
lightness of weight and mobility of the end item: 
important factors. 


While Germany has been securing magnesit 


a Fig. 2 - Volks 
wagen mainshatt 
subassembly (1!) 
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Fig. 3— Photomicrographs 
showing structure of com- 
ponents of Volkswagen 
transmission assembly — A 
shows structure of main- 
shaft apparently hardened 
by quenching with a tem- 
per at a low temperature;? 
B and C show structure of 
core and case of mainshaft 
spur gear, small; core con- 
tains martensite with some 
bainite, indicating that 
piece was substantially 
fully hardened with a tem- 
per at a low temperature 

A Mainshaft, Part G, 
Subassembly Il, reduced 
from 1000X photomicro- 

graph, picral 

B Mainshaft spur gear, 

nall, Part E, Subassem- 

bly Il, core structure, re- 

juced from 1000X photo- 

crograph, picrel and 
nital etch 

C Mainshaft spur gear, 

na Part E, Subassem- 

bly Il, case structure, re- 

duced from 500X photo- 

nicroaraph, picral end 
nital etch 


Austria, Greece, Czechoslovakia, and *Yugoslavia, there 
should be sufficient magnesium ores and refining facilities 
in Germany proper to supply all requirements continuously. 

Copper — Of all the metals and alloys, the most critical 
to German war economy is copper. During the period of 
maximum expansion, more than one-third of her copper 
was secured from Yugoslavia. This loss, combined with 
the loss of Finland and the imports from Turkey, leaves 
Germany with the small quantity produced within her 
borders (estimated at 15% of her minimum requirements), 
the minor quantity obtained from Norwegian pyrites, and 
hat recovered from battlefield and domestic scrap. Alu- 


inum has been used as a substitute in constructional 





parts, electrical components, and overhead lines. Other 
substitutes have been used extensively, notably that of 
powdered iron and bimetal rotating bands, and steel car- 
tridge cases for ammunition. The critical copper situation 
in Germany is emphasized by her confiscation of electrical 
transmission lines, church bells, statues, utensils, boilers, 
and pipes throughout Germany and occupied nations. 
Scrap and General —'To evaluate the German materials 
situation, consideration must also be giver to the stock 
piles of materials and the scrap which were confiscated 
from occupied countries. In this connection, large quan 
tities of tanks, guns, and other matériel were captured by 
the Germans in their initial military successes. A few such 





a Fig. 4—Macrograph of Volkswagen crankshaft 
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m Fig. 5 — Rockwell 
C hardness survey 
on surface of Volks. 























items were accepted and used, others were modified and 
accepted, while a much greater portion was allocated to the 
eficient German salvage system and made available to 
their industry for the recovery of critical materials. 

The Germans apparently used all captured wheeled and 
tracked vehicles to augment their supply system, but only 
a few, such as the Czech 38 tank chassis and the French 
Lorraine chassis, were kept in production in the occupied 
countries. Some guns, such as the Polish 7.92 mm PzB 
35 (P), the French 15.5 cm K 418 (F), and others were 
accepted and ammunition produced for them. In the main, 
however, this captured matériel served as important mines 
for ferrous and nonferrous materials, bearing in mind that 
pre-war matériel was made without substitutions and re 
strictions. Most foreign countries used high nickel (3 to 
5%), high molybdenum (about 0.5%), and high chro 
mium (up to 2%) in pre-war armor and gun tubes, and 
comparatively as rich alloys in constructional steels. Like 
wise, copper, aluminum, and other nonferrous metals were 
used more profusely. Thus, nearly the whole of pre-war 
Europe’s stock piles of materials and war matériel were 
used to augment German preparations. 

Long before the war, the German government, working 
closely with industry, developed the following programs to 
obtain necessary but scarce materials: 

t. Intensive scrap collection and strict segregation. 

2. Importation of basic materials and ores for stock 
piling. 

3. More extensive working of domestic, low-grade ores. 

4. Purchasing and subsidizing of foreign mine properties. 

Dr. Muller, Chief of the Metals Association in Berlin, 
states in the 1942 Metal Yearbook that Germany initiated 
rigid controls over the segregation and preparation of scrap 
as early as 1933. Metal scrap dealers were given educa 
tional courses and strict requirements were enforced for 
the separation and preparation of scrap for remelt pur 
poses. It was unlawful to charge alloy scrap of any nature 
into blast furnaces, or to use it otherwise in a manner that 
would not utilize the alloy to the fullest extent. 

Jicimke states that Germany developed foreign exchange 
in such a way that payments for exports were made with 
raw materials. Thus, a shipment of harmonicas was paid 
for with oil. Foreign mining properties were frequently 
subsidized, usually by furnishing needed equipment, and 
payment taken in the form of ores and concentrates. 


1 See V.D.JI. Zeitschrift, Vol. 84, June 8, 1940, pp. 385-392 
ind Molybdanfreie Baustahle,”’ by H. Kiessler 
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Simultaneously, regulations and restrictions on t! 
of materials were inaugurated. Critical materials 
allocated to critical uses and new alloys based on 
available alloying elements were developed. The 
plentiful domestic resources were developed to the 
mum and substituted when permissible. 


Since chromium, silicon, and manganese were th 
supply of alloying elements, a considerable amount 
technical work had to be done to develop steel chem 
in carburizing and medium carbon grades. The 
properties and general characteristics of some of th 

are discussed by Kiessler.’ 

The favorable supply of aluminum and magnesiur 
developed fully and used extensively to replace 
cal materials. 

There can be no doubt that Germany fully recog 
her shortcomings in raw materials and by various n 
has so far circumvented this disadvantage. 

In view of the ferroalloy supply situation, it is i 
to review the German steel specifications. Thes¢ 
taken from Werkstoff Ratgeber (Materials Handb 
published in Essen, Germany, January, 1943, the forew 
of which naively states, “All translations into enemy 
guages are prohibited.” These chemistries cover the 
jority of steels for constructional purposes but 
include special grades. There are several analyses 
1) which are not common to this country, notably 
manganese-silicon (DIN-X-1665, Grade VMS 135), ! 
ganese-chromium-silicon (DIN-X-1665, Grade VM( 
and chromium-manganese (DIN-1664, Grades EC 8 
100). Several nickel steels are shown in the spe 
but experience indicates that these are reserved for 
and especially approved applications. Over a 
time the German vehicle components have been 
conform rather consistently to these published 
ranges but in view of the changed ferroalloy situation 
would not be surprising if a revised edition was soo! 
lished. In fact, Kiessler’s article cited above states that th 
chrome-molybdenum carburizing grades (EC Mo 5 
EC Mo 100) can be replaced with manganese-cl 
steels (EC 80 and EC 100) to restrict the us¢ 
denum. 


m Japanese Ferrous Metals 


It is estimated that during 1942 Japan produc: 
mately 11,000,000 ingot tons of steel, of which ab 
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Table 1 — German Steel Specifications 
Constructional Steels 
DIN 1611 





e ctional steel A: 
— » not specified; Sulfur and phosphorus content not guaranteed 
aol St. 00.11 and St. 37.11 
Constructior ee! B: 
‘Carbon content is not fixed by the purchaser 
orate sat St42.11  S5O.11 = $860.11 St.70.11 
7s 0.12 0.25 0.35 0.45 60 
oin 7, steel, carburizing grades 
Grade Carbon Manganese, max. Silicon, max. 
STc 10.61 0.06/0.13 0.50 0.35 
STc 16.61 0.11/0.18 0.40 0.35 
- Ya carburizing grade (chrome and chrome-manganese) 
Grade Carbon Manganese Chromium Silicon, max. 
EC 30 0.10/0.16 0.40/0.60 0.30/0.50 0.40 
EC 60 0.12/0.18 0.40/0.60 0.60/0.90 0.40 
EC 80 0.14/0.19 1.10/1.40 0.80/1.10 0.40 
EC 100 0.18/0.23 1.20/1.50 1.20/1.50 0.40 
IN 1663 
' Alloy, carburizing grades (chrome-molybdenum) 
Grade Carbon Manganese Chromium oo Silicon, max. 
EC Mo 80 0.14/0.20 0.60/0.80 0.80/1.10 20/0.30 .35 
c EC Mo 100 0.17/0.23 0.80/1.10  1.00/1.30 0: 20/0. 30 0.35 
DIN 1662 ‘ ‘ 
1. Alloy, carburizing grades (chrome-nickel) 
' Manganese, Chromium, Silicon, 
Grade Carbon max, Nickel max. max. 
EN 15 0.10/0.17 0.5 1.25/1.75 0.20 0.35 
EN 25 0.10/0.17 0.5 2.25/2.75  0.55/0.95 0.35 
ECN 35 0.10/0.17 0.5 3.25/3.75 0.55/0.95 0.35 
ECN 45 0.10/0.17 0.5 4.25/4.75 0.90/1.30 0.35 
DIN 166 
Plain carbon, heat-treating grades 
Grade Carbon, approx. Manganese, max. Silicon, max. 
St C 25.61 0.25 0.80 0.35 
St C 35.61 0.35 0.80 0.35 
St C 45.61 0.45 0.80 0.35 
St C 60.61 0.60 0.80 0.35 
DIN 1665 
Alloy, heat-treating grades (chrome, chr 9g G ) 
Grade Carbon Manganese Chromium Silicon 
VM 125 0.28/0.35 1.20/1.50 ane 0.40 max. 
VM 175 0.33/0.40 1.60/1.90 0.40 max. 
VC 135 0.30/0.37 0.50/0.80 0.90/1.20 0.40 max. 
VMS 135 0.33/0.40 1.10/1.40 a 1.10/1.40 
VMC 140 0.35/0.43 1.00/1.30 1,00/1.30 0.50/0.80 
VCV 150 0.45/0.55 0.60/0.90 0.90/1.20 0.40 max. 
0.10/30V 
DIN}1662 
Alloy, heat-treating grades (chrome-nickel) 
Silicon, 
Grade Carbon Manganese Nickel Chromium max. 
VCN 15 Soft 0.25/0.32 0.40/0.80 1.25/1.75 0.30/0.70 0.35 
Hard 0.32/0.40 
VCN 25 Soft 0.25/0.32 0.40/0.80 2.25/2.75 0.55/0.95 0.35 
Hard 0.32/0.40 
VCN 35 Soft 0.20/0.27 0.46/0.80 3.25/3.75  0.55/0.95 0.35 
Hard 0.27/0.35 
VCN 45 0.30/0.40 0.40/0.80  4.25/4.75 1.10/1.50 0.35 
DIN 1663 
Alloy, heat-treating grades (chrome-molybdenum) 
Silicon, 
Grade Carbon Manganese Chromium Molybdenum max. 
VC Mo 125 0.22/0.29 0.50/0.80 0.90/1.20 0.15/0.25 0.35 
VC Mo 135 0.30/0.37 0.50/0.80 0.90/1.20 0.15/0.25 0.35 
VC Mo 140 0.38/0.45 0.50/0.80 0.90/1.20 0.15/0.25 0.35 
VC Mo 240 0.38/0.45 0.50.80 1.60/1.90 0.30/0.40 0.35.(0.2V) 
Notes 
DIN 


German Engineering aes 15 
E = Carburizing = Nickel 


V Heat-treating Ma Manganese 
S$ = Silicon 


C Chromium 
Mo = Molybdenum CV = Chrome-Vanadium 


were open hearth and electric furnace steel, and 
ble that this was increased to nearly 15,000,000 

sot tons during 1944. In 1937, Japan produced about 
50, ot tons of alloy steels, but it is likely that this 
Age been quadrupled during the past year. A large 
their steel producing expansion took place in 
Manct ind Korea, probably to shorten the transporta- 

ore and coal. Further expansion would 
eate a serious shortage in skilled labor and 
ind in addition, the transportation of the 
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larger amounts of ore, coking coal, and ferroalloys may 
prove to be an insurmountable obstacle. 


Raw materials for steel making are available in the inner 
zone in adequate quantities, except for scrap, which must 
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m Fig. 6—Macrograph of Volkswagen camshaft 
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come from stock piles and made scrap. All nonessential 
metal articles, even children’s toys, have been confiscated 
in Japan and occupied countries. Most of the ore in Japan 
proper, the production of which amounts to about 15% 
of her requirements, has a high phosphorus content and 
is suitable for bessemer steel. A significant tonnage of iron 
is produced by charging pyrites sinter in the blast fur- 
naces. Some ore was obtained from the Philippines and 
Malay and, while rich in iron content, the importation 
placed transportation burdens which Japan could ill afford 
to assume. As a result, production of iron ore is being 
pushed hard in Korea, Manchuria, and North China. Try 
as she might, Japan cannot entirely eliminate sea transpor- 
tation of ore and coking coal, but it is apparent that every 
effort is being made to reduce dependency upon vulnerable 
long hauls by developing the resources within the inner 
zone. 

The bombing sometime ago of Yawata, Kyushu Island, 
may have caused some drop in steel production. As the 
intensity of bombing increases over Japanese industrial 
targets, the production of much needed maximum steel 
tonnage may prove difficult, since their iron and steel in- 


bith, eke e 2 Soa ee 


hac 


one-third of her requirements has been produc: 


456 


a Fig. 7—Photomicrographs 
showing typical structure 
of A white iron areas near 
cam surfaces and B gray 
iron areas in center of 
shaft; gray iron has fine 
graphite flakes distributed 
in a cellular pattern; mat- 
rix apparently contains 
pearlite and free ferrite — 
reduced from 500X photo- 


micrographs, picral etch 


dustry is centered in only a few localities a1 
be more readily dislocated. 


= Japanese Ferroalloy Situation 
The relative ease with which ferroalloy 
be substituted for one another permits 
anese to produce adequate quantities 
steels for present requirements. Ther 
eral weaknesses which may become serious prob 
lems: (a) sea and rail transportation facilities 
over 90% of the Japanese chromium supply; 
from the Philippines, (c) approximately 6 
their nickel supply comes from the Celebes 
Manganese — At the present time, the sup} 
sufficient and inner zone production can be « 
panded to some extent if needed. A litt 
inner zone, and of that produced in the outer 
Philippines have supplied more than half. Alth 
latter supply has been recently dislocated, if not « 
cut off, it is expected that increased production 
churia and North China, plus resort to large st 
will prove adequate for several years. 
Chromium — The supply of this essential ferroa 
been more than adequate, but is entirely depend 
shipping from the outer zone. Since 90% or 
Japanese chromium-+was secured from the Philipy 
ctions of our Army and Navy in recent months 
cusly dislocate if not entirely cut off futur 
However, they have had free access to abundant 
of ore for nearly three years, and at the sam« 
must have realized the vulnerability of their 
Consequently, chromium has become an exceedi! 
cal item with the Japanese, but it may be con 
enough has been stock piled to carry them throt 
three years. In the meanwhile, the minor, 
deposits in Manchuria and North China can be 
to stretch out their stock pile. 
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Vickel - Japan’s requirements for nickel are estimated 


ie neighborhood of 10,000-15,000 tons annually, of 
ae . | 60% is imported from the Celebes. As 
_ ad any of her raw materials, ship bottoms and 
eee far more critical than the materials them- 
~ With our Army and Navy straddling the transpor- 
aa wnes from her rich southern conquests, it appears 
that Japa starve amid plenty. Nickel coinage has 
-™ withdrawn and strict limitations prevent its use for 
cade s, tableware, and all but the most essential 
a Nickel steels have been favorites of the Japs but it 
cems certain that substitutions will be made in the future. 

anadium ~ Production capacity is potentially sufficient 
for the limited Japanese requirements. This capacity can 
be increased to satisfy normal requirements for vanadium 


alloy steel but not to the exetnt that it can be used exten- 
sively as a substitute for nickel or chromium. 


Molybdenum — The Japanese use molybdenum to a very 

| extent as a ferroalloy. Even this is more than their 

‘otal new production, most of which is obtained from 
Korea, but it is likely that low-grade deposits in Man 
churia will be developed. Large quantities were imported 
rior to the war and the sizeable stock pile will absorb 
the leficit tor many years at the present rate of consump 
tion. With the ample tungsten supplies being obtained 
from China and the Bawdwin mine in Burma, it is pos 
sible to reduce requirements to a minimum, particularly 
tool steels. There is no reason to anticipate a critical 


molybdenum situation, although any excess of production 
requirements would help lessen the drain on the 
chrome, nickel, and manganese stock piles. 


a Fig. 9—Photomicrographs ‘zt 
showing structure of pearl- ey f° 
itic gray cast-iron cylinder tg 
sleeve bo ERPS 
\ educed fr fi ty 4 eas 
+ IC n un ‘ if | a 
note fine sbhit a 
ake 
B reduced f 
si s 
i aia vies 
ite y ke 
( j . 
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a Fig. 8-Macrograph of Volkswagen cylinder sleeve 


m Japanese Nonferrous Metals 


Aluminum — Through her conquest of the Netherland 
East Indies and Malay, Japan obtained access to large 
quantities of bauxite. It is estimated that 60% of the 
Japanese bauxite came from deposits concentrated in the 
Binton Island, N. E. [., and Singapore areas. Military 


operations in the Philippines will interfere with future 
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f this ore, but it is believed that a large 
een acquired. In addition, there are ample 

ninite and aluminous shale in Japan, Korea, 
ria which are potentially sufficient to meet the 


Japanese aluminum industry. 


intil 1934 that Japan had any real aluminum 
apacity, but since that time every effort has 


to develop her light metals industry by granting 
ties for shipping, materials, and labor. 
ary difficulty in supplying her increasing require 
ilthough there will be a drain on the 


wagen transmission assem- 
bly-—A shows structure of 
core of a spline, presence 


and driving pinion — piece 
was apparently carburized 
and induction treated 


wn 








a Fig. 10 — Volks- 

wagen driving pinion 

and spline shaft sub- 
assembly (III) 


bauxite stock pile until the industrial adjustments for re 
covering aluminum from shale are completed. There is 
no cryolite in the East, but a synthetic material made from 
Huorspar can be used in refining aluminum. 


Magnesium — Japan proper has the sources of raw mate 
rials to produce more than adequate quantities of mag 
nesium, dependent largely upon electric power and fabri- 
cating facilities. In the past, the production of magnesium 
in Japan and Manchuria has been far in excess of her es 
sential needs, certainly more than enough for all aircraft 
and incendiary applications. Its use by the Japs as an 
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engineering material is still littke beyond the experimental 
stage, but under government sponsorship and subsidy, its 
applications are rapidly expanding. 


Copper — Due to the diminishing of good ores, Japanese 
production of copper has declined during the past 25 years 
and her present production is somewhat under require 
ments. At present, the deficit between production and 
consumption is being supplied from a large stock pile, but 
as the war progresses, it is likely that this drain will be 
greatly increased. Such reasoning probably accounts for 
her frantic efforts to increase production and reduce con- 
sumption, since the copper stock pile is sufficient to last for 
several years at the estimated present rate of withdrawal. 

After moving into the Philippines, the Japs developed 
copper mining intensely. Apparently some gold mining 
machinery was transferred to copper properties, other fa- 
cilities were expanded, and the low-grade cuprous pyrites 
of Cebu and neighboring islands were exploited. 

The emphasis placed on copper by the Japs is illustrated 
by the measures taken to recover battlefield scrap. Our 
troops have found caches of fired cartridge cases buried for 
future recovery close to the front lines. Japan has been 
working on steel cases for some time and quantities of 
75-mm steel cases were captured on Attu and Bougainville. 
Their overall success is uncertain, since only 75-mm and 
25-mm cases have been found. 

Summary on Japanese Materials-Until recent years 
Japan depended largely on imports for almost all metals, 
particularly those in the nonferrous group and for alloy 
steels. During the early 1930's and apparently in prepara 
tion for a war, a stock-piling program was initiated. Sup- 
plies in which she was deficient (lead, copper, aluminum, 
steel scrap, and most ferroalloys) were purchased in great 
quantities. Simultaneously, an industrial program was 
forcefully carried forward. 


= 


In 1936, asfive-year plan for 


a Fig. 12 — Photomicro. 
graphs (reduced from 
1000X, picral etch) show. 
ing structure of axle shaft 
rear from Volkswagen — 4 
was prepared on longi. 
tudinal section through 
tongue, B on longitudinal 
section through chaft- 
these photomicrographs in- 
dicate that the tongue 
was cooled more rapidly 
than the shaft, but that 
even in the tongue, the 
cooling was not rapid 
enough to produce fill 
hardening 


SFA oY 


Vi 


promoting production of iron and steel in Japan wa 
formulated. Facilities for the production and fabrication 
of aluminum and magnesium were installed on a large 


scale and refining capacities for other essential materia 
were expanded. Mining was intensified and submarging 
deposits were developed under government subsidy. Grex 
progress has apparently been made in developing the na. 
ural assets of Manchuria and Korea, and industrializatiog 
of those areas has been intensified. 

As a result of her conquests, Japan has had access to ade. 
quate supplies. It can be assumed, and there are indica 
tions to show, that she was aware that no long-term &. 
velopment could be accomplished in the conquered southem 
areas, and consequently concentrated on obtaining the 
quick assets of essential products. The Japanese industrial 
strength lies in the north. They have had possessior 
the southern areas long enough to milk them of supplies 
to fortify the inner zone with a war economy for con 
siderable time. It would be unwise to assume that Japan 
cannot meet her raw material requirements, but it seems 
certain that this can be done with difficulty commensurat 
with the progress and length of the war. Based on kn 
edge of pre-war industrial Japan, it seems more reasonable 
to expect inadequate manufacturing and fabricating fac! 
ties for the production of war matériel. 

Captured matériel confirms the statement that for years 
Japan has also been stockpiling the finished implement 
of war. The Ordnance Department has recovered, proo! 
tested, and made engineering examinations of every tj 
of Japanese tank and automotive vehicle that has appeareé 
in battle. Some of the Japanese light trucks and commanc 
cars have been of American manufacture, while ot! 
have been copies of various foreign designs. Modificat 
to facilitate Japanese manufacture and minor improvem 
often have been made, but in general their vehicles contorm 
rather closely to practices of several years ago. Apparel 
they have inhibitions against identifying their 


m Fig. 13 — Volks- 
wagen transmission 
casing, sectioned 
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of manufacture, but it appears that the vehi 





€I nteres 


| up to this time have largely been of earlier 
ind may not represent the latest designs and 





™ ily of a number of ferrous parts of their 1 
1 truck and light tank are listed in Table 2. Th« 
ma cht tank was captured approximately two years ago and 
eS 0 k shortly afterwards. 
te ink represents the result of Japanese light tank 
a elopment for their preparation for war. Certain fea 
ae traced to foreign prototypes but essentially it 
. r s an independent Japanese development. This vehick 
a veils oximately 8.4 tons and has a maximum road 
a 30 mph. It is powered with a 6-cyl, in-line, air 
i ‘ | engine rated at 110 hp at 1400 rpm. Thi 
radius of action is 100 miles with full use of fuel 
' Pro tien of this tank was started about 1935 and it is 
ita stock pile of finished vehicles was availabk 
break of war. This will account for the extremely 
used in the components listed in the table. It 
_ irent from their future supply situation with regard 
vents ME CO [ere ys, particularly nickel, that the use of such rich 
root ot continue in production during the war years 
ae f vasteful to use 2% _ nickel in track pins, espe 
compared with our practice of using low-alloy 
neal rdening grades. The advantage of using carburized pins 
; I tioned. The use.of austenitic manganese track 
yond the possibilities of a major war economy. 
pinion and crankshaft are both excep 
onall) h in nickel and chromium and the use of this 
illoy compares unfavorably with U. S. prac 
‘ Fig, 15 —- German 
S-ton, half-track 
rankshaft assembly 
0, 3 


August 1945 








tice and that of the Germans. In the German heavy 
tank the crankshaft is essentially 1345 while their pinion 
gear 1s made from essentially 4120. The exhaust and in 


take valves are interchangeable but, in view of the present 
chromium condition, it is not likely that this practice will 
be continued in the future. Gears were not case hardened 
but heat-treated to a hardness of about 50 Re. This prac 
tice leads to an extravagant use of alloys but may be neces 
sary because of limited metallurgical facilities. In this 
connection, there has been very little use of induction and 
flame hardening processes 1n equipment so tar examined. 
Light alloys were used extensively, the cylinder head, crank- 
case, final-drive housing, and miscellaneous components, 
such as floor plat Ss, Wert made trom aluminum maynesium 


alloy. 


q he ] ton cargo truck 1S almost an €xact COpy or tne 
1939 Chevrolet. It weighs approximately 5500 lb and has 

payload capacity Of 330¢ Ib. The powerplant is a 6cyl, 
alve-in-head, water-cooled engine developing 26.3 hp at 
1900 rpm, with a maximum rating of 78 hp at 3000 rpn 
The maximum speed is 45 mph and the radius of action 1: 
approximately 200 miles. 


1 

t 

It is apparent from a review of the chemistries of the 
cargo truck par | 


urgical practices as well as design pri 


s (Table 2) that the Japanese have copied 
] 
: t 


t 
American metal 


les in this ve hicle. 


TD) 
Cli} 


Che phosphorus and sulfur averages fall within 
standards, although the latter 1S consistently higher thar 


found in this country. Two exceptions, the crankshaft and 


rt 
ACC} ( 


thrust washer, have high phosphorus and sulfur and ay 


parently were made from Japanese ores by the bessemer 


process. 
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Extensive comments on the selection of materials and 
processing are unnecessary, since the deviations from 
American practices are minor. One minor difference is 
the use of aluminum instead of steel for oil pans. 

Metallurgical data on German vehicles are more numer- 
ous and complete, largely because they have demonstrated 
much greater ingenuity and freedom of reasoning. Also, 
German vehicles have constantly been improved, so for 
tactical and engineering purposes it was necessary to per- 
torm more extensive testing. 

It would prove impracticable to discuss the entire range 
ot German automotive vehicles in detail and a discussion of 
parts and practices of outstanding interest may be mis- 
leading. To cross-section their metallurgical practices, 
three representative items have been selected. It is in- 
tended to discuss design principles only to the extent that 
metallurgical practices may be influenced. 


m Volkswagen 


This is the much advertised “peoples car” which Hitler 
promised to place in every German family’s garage. It is 
a 4-wheeled, rear-axle drive (only), scout or reconnaissance 
car comparable in size and use with our jeep. 


The engine 
is a 4-cyl, i 


opposed type. A maximum 
speed of 50 mph and an average of 30 mpg of gasoline 
can be obtained. It is light in weight (1600 lb), has a 
central tubular frame with each wheel independently sus- 
pended on torsion bars. The transmission and differential 
are made as one unit which is flanged to the engine, and 
this assembly is mounted between two prongs formed by 
the frame in the rear of the vehicle. 


4-cycle, horizontally 


Table 3 contains the abbreviated details of a ferrous 
metallurgical survey of one of these vehicles which was 
manufactured in late 1940 or early 1941. The nonferrous 
parts are listed in Table 4, along with those of other vehi- 
cles. It will be noted that most of the parts are made from 
steels whose chemistries fall within the 


German specifica- 
tions shown in Table 


From an overall point of view, 
the phosphorus and sulfur content of carbon and alloy steels 
are low, averaging less than 0.040%. The comparatively 
low alloy residuals are indicative of the German efficiency 
in scrap segregation and remelting practices. There are 
two exceptions: the spur gear in the main shaft assembly 
and the spline shaft aa driving pinion, in which the nickel 
content was between 0.30/0.40%. There are no nickel 
requirements in the specifications EC Mo 100 and VC Mo 
135, but in view of the otherwise exceedingly good control 
over residuals, it is believed that a deliberate modification 
was made in these instances. 

Alloy steels used were confined to VC Mo 125-135-140, 
EC Mo 100, VMS 135, and VM 175. These grades re- 
strict the alloying elements to manganese, silicon, chro- 
mium, and molybdenum. The last was used to a greater 
extent in this vehicle than in others of later production, 
indicating diminishing stock piles and wider acceptance 
of substitute grades. It is also possible that parts or com- 
ponents were made from molybdenum steels at an earlier 
date and assembled later. 

Careful checks for boron were made on steels of high 
hardenability but no indications were found. One of the 
main shaft spur gears had 0.02% vanadium, which might 
indicate the use of boron, but which could not be found by 
spectrographic analysis. 

The selection of steels and processing methods for the 


Various components represent sound metallurgical 

tices. Thus, in this case of bearing steels 52100 comp, 
tion is used for the inner race, balls, and outer race. Ran 
are made from seamless tubing or bar stock, while bal\. ian 
torged. Heat-treatment and resultant hardnesses 
match practices in this country. 


rar 
plac 


Closely 
Gear practice {o; bh 
more highly stressed gears of the transmission assen 
(Fig. 1) and the mainshaft subassembly (Fig. 2) gig.. 
in that medium-carbon steels (0.35/0.45% C) are ca 
rized to a depth of 0.010-0.025 in. and subsequenh 
quenched from the A-A3 range, followed by low-ten 
perature tempering. This produces core hardness \ 
in the range of 40/50 Rc, which is somewhat higher thy 
commonly used here. The use of light cases on med 

carbon steels increases the life materially and this practice 
is consistent with the latest thinking of our automotiy 
metallurgists. The fact that every gear in the vehicle wy 
carburized and all but two were made from mediun 

bon steels indicates their general acceptance of this practic 
To facilitate the review of the metallurgical aspects of 
Volkswagen gears, the data have been reassembk 

Table 5. Fig. 3 illustrates the microstructure of th 


and case of the mainshaft spur gear. 


In addition, the piston pin and oil sleeve were inaé 
from St. C. 45.61, similar to SAE 1045, and carburized 
although the core hardness was comparatively soft. 

The crankshaft was machined from a one-piece forgin: 
and induction hardened on the throws. Fig. 4 shows th 
macrograph, from which the hardened areas and th 
ing quality can be noted. 
survey. 


Fig. 5 shows a surface hardnes 


The camshaft is a gray iron casting whose cams 
ing surfaces were flame hardened. Fig. 6 shows at 
graph and Fig. 7 illustrates the microstructure of the ha 
dened (white iron) surfaces and normal gray iron bod 

The exhaust valves were made from silichrome-typ 
steel, but the analysis of the intake valves is puzzling 
These use —. carbon, 12% chromium steel, wheres 
it is common U, S. practice to use SAE 3140, 4140, or 504 
As an explanation, it is believed that this analysis wa 
as a matter of expediency, probably to utilize froz 
diverted cutlery steel. The intake and exhaust valves 
dimensionally interchangeable, and both had th 
hot upset with the tip ends hardened by localized | 
treatment. 

Each cylinder of this aircooled engine has an 
vidually finned block made from unalloyed gray iron 
macrograph (Fig. 8) indicates unusually sound 
quality. The micrographs in Fig. 9 show the fin 
fine grained with uniformly distributed small grap! 
flakes. The body is essentially pearlitic with coarser 
locking graphite flakes. 

The driving pinion and spline shaft assembly s! 

Fig. 10 is of interest from the design as well as the meta! 
lurgical point of view. Rollers made from German ste 
VC Mo 125 (similar to SAE 4125) are used as 5} 
These have been made from bar stock, carburized 

and heat-treated to a core hardness of Re 37 

spline shaft and driving pinion is a low-carbon, n 
chrome-molybdenum steel (German EC Mo 1 carb 
rized and heat-treated to a case and core hardness 0! 
62/63 and Re 25/27, respectively (microstructut es shown 
in Fig. 11). The use of helical gears is also notewo! 


The rear-axle shaft is made from a medium-carbo}, 
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= Fig. 16 -Macrograph of No. 3 and No. 4 throws of German 8-ton, half-track crankshaft 


chrome-molybdenum steel (German VC Mo 135) bar 
which had one end hot upset to fit into the universal joint. 
The shaft was gradiently quenched, obtaining a hardness 
of Re 28/34 on the shaft and Rc 45/48 on the tongue. 
Fig. 12 shows the microstructure of the tongue and shaft. 
It appears that the cooling rate was not rapid enough to 
obtain optimum hardening. 


One of the most interesting nonferrous parts is the 
cast, magnesium-alloy transmission case. The us 
nesium for such purposes is uncommon in this cou 
The Germans apparently used it because of its ready a 
ability and to contribute to the light weight of th: 
The casting was given a dichromate treatment 
corrosion. A cross-section of the case is showt 





Table 5 —- Volkswagen Gear Compositions and Treatments 


Alloying Elements 


— — 


Gear Mn Si cr . 


- Processing 
Hardness Heat-Treatment Method 
Reverse sliding gear 0.61 Case Rc 61/63 Carburized 0.010 in. Cast blank 
Core tooth Re 52/56 

Core body Re 40/44 
Spur gears 


i : Case Rc 63/65 Case hardened 0.008 in. Forged blank 
Core Re 49/50 
E q r Case Re 60/62 Case hardened 0.008 in. Bar stock 
Core Re 46/48 
idier gears 


Third Case Re 60/62 Carburized 0.020 in. Bar stock 
Core Re 51/53 
Fourth Case Re 60/62 Carburized 0.020 in. Forged biank 
Core Rc 51/53 
Sliding gear ‘ Case Re 62/63 Carburized 0.020 in. Forged blank 
Core Re 50/53 
Case Re 62/63 Carburized 0.015 in. Forged blank 
Core Re 25/27 
Distributor gear ; : Case Re 56/59 Case hardened 0.005 in. Forged blank 
Core Re 41/43 
Timing gear Case Re 63/64 Carburized 0,040 in. Bar stock 
Core Rc 38/40 
Reduction Gear d Case Re 62/63 Carburized 0.025 in. Bar stock 
Core Rc 30/34 


Spline, shaft and driving pinion 








Note: For more complete details see Table 3. 
tn most Instances the Rockwell C values for case hardnesses were obtained by converting from Rockwell superficial values. 
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a Fig. !7— Rockwell C hardness survey data for No. 3 and No. 4 throws of German 8-ton, half-track crankshaft (dots indicate 
of hardness indentations) 








and the unusual soundness of this rather intricate casting = German 8-Ton, Half-Track Prime Mover 

is self-evident. a ‘ ‘ . baw , y 
This vehicle is one of the principal prime movers ot 

German army, and because of its importance t 

warfare, it has undoubtedly received special design and 

metallurgical engineering attention. The Germans 





Other parts made from magnesium are the spacing 
washer for ring gear bearing and the camshaft timing gear. 







The aluminum-alloy piston is also of interest. The 
composition (12.36% Si, 0.27% Mg, 1.03% Cu) is a Ger- 
man standard piston alloy (EC 124), designed for low 
thermal expansion and good heat conductivity. These 


pistons ‘had been cast oversize and hot pressed and ma 
chined to size. 





nate half-tracks, which are used as prime movers and p 





sonnel carriers, by their towing capacity. This vel 





weighs 12.7 tons loaded, has a maximum road speed 0 







5 mph, and a highway range of 155 miles by using 1 
o-gal capacity. 

The vehicle is known as a half-track, although it actualy 
has a track three-quarters of the overall length. It 1s pov 
ered by a 6-cyl, liquid-cooled Nordbau engine d veloping 
140 bhp at 2600 rpm. 


2 
5 

The bimetallic crankshaft and connecting-rod bearings 
were made by casting 80-20 copper-lead alloy on to low 
carbon steel backing. The lead globules were small and 
evenly distributed. 








Table 7 — German 8-Ton, Half-Track Gear Compositions and Treatments 
Alloying Elements 







Processing German 
Gear Cc Mn Si Cr Mo 








Hardness Heat-Treatment Method Designation 
Timing gear 0.30 0.30 0.41 1.47 Case Re 64 Carburized 0.040 in. Forging VC 135 
Core Re 20/22 F 
Universal spline 0.31 1.32 0.32 1.59 Case Re 63/64 Carburized 0.040 in. Forging EC 100 
Core Re 46/48 100 
Transmission gear 0.25 1.11 0.36 1.16 0.17 Case Re 61/63 Carburized 0.025 in. Forging EC Mo 100 
Core Re 42/44 . 
Spline shaft 0.19 0.98 0.28 1.26 0.26 Case Rc 61/63 Carburized 0.040 in. Bar stock EC Mo IW 
Core Re 28/33 = - 
Sliding gear 0.19 1.00 0.34 0.96 0.17 Case Re 61/63 Carburized 0,020 in. Forging EC Mo IW 
Core Re 32/36 4 y 
Pinion gear and shaft 0.19 0.86 0.29 1.14 0.18 Case Re 60/64 Carburized 0.060 in. Forging EC Mo 19 


Core Re 25/31 
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Fig. 18 — Photomi- 
graphs showing 
scture of timing 
sr (8-ton half- 
sck crankshaft, 
Part J)-—A_ shows 
trided steel tooth 
segment tacked to 
ankshaft by weld 
spots; B shows struc- 
ture of case; C 
shows structure of 
basis metal in tooth 
segment; D_ shows 
structure of low-car- 
bon steel weld metal 
{4 Macrograph of 
ng gear tooth 
} weld, reduced 
rom macrograph 
»n at 3 X, hot hy- 
rloric etch 
se, reduced 
100 X_ photo- 
rograph, nital 


and picral etch 


BC 


C Basis metal of 
th segment, re- 
ed trom 1000X 
tomicrograph, 
sl etch 

D Weld metal, re- 
jJuced from 1000 X 
photomicrograph 


etch 


f 
é ) 


e 6 contains the condensed data of a ferrous metal higher than are found in Volkswagen alloy parts and much 
jcal survey of one of these vehicles which was made in higher than in the carbon steel parts of this vehicle 
1940 or early 1941. Table 4 lists the data for non As in the Volkswagen, most of the alloy steels are of the 
parts. Many of the parts of this vehicle that were chrome-manganes¢ (VMC 140) and chrome aivled nun 
vestigated are highly stressed functioning parts and con (VC Mo 140 and EC Mo 100) types. | : . 


r 
¢ 


ber. Contrary to the 

1s > ¥ ‘ > © y v= 7 : : ‘ 

if predorninance of alloy steels. The Volkswagen chemistries, several nickel alloys are used. The 
: , ee fur values compare favorably with U. S. main shaft is made from Krupp analysis and even though 
Residuals > ally it i x 
esiduals found in the alloy grades are generally it is heavily loaded and highly stressed they have apparently 


m Fig. 19-Macrograph of sliding gear for German 8-ton half-track 


469 











a Fig. 2! —Macrograph of a cross-section of gear teeth of sliding gear for German heavy-duty transmission 


used higher alloy content than needed. The 4.45% nickel 
is extravagant and compares favorably with German pre- 
war conception of alloy steels. The analysis of this part has 
a calculated hardenability D. I. factor of about 9, which 
can be met with a lower alloy content, such as German 
VC Mo 240 (chrome-molybdenum-vanadium). The D. I. 
factor appears too high for a section of approximately 3 in. 
diameter, and the fact that there have been but few in- 
stances of excessive use of critical alloys may indicate that 
this particular case was one of expediency. 

The outer race of the universal joint also contains high 
nickel, the analysis being comparable with SAE 3312. 
This part is shown in Fig. 14, Part 4. It would seem that 
this part also uses too much in the way of critical alloys 
and that a grade comparable with SAE 4315 or German 
EC Mo 100 would suffice. 


From Table 6, it is evident that chromium is tt 
cipal alloying element in German alloy steels and 
is combined with manganese or molybdenum. Gear se 
are chrome-manganese or chrome-molybdenum types, an} 
contrary to the gear practices employed in the Volkswagen 
low-carbon carburizing grades are used. Table 7 co; 
dates the essential data on the gear practices used in th 
vehicle, and comparison with Table 5 shows the | 
in carbon content and resultant core hardnesses 

The crankshaft, shown in Fig. 15, is made from 
molybdenum steel to which was added 0.5% nick 
macrograph of No. 3 and No. 4 throws (Fig. 16) in 
that a considerable amount of machining was don 
more particularly, the quality of the induction hardening ¢ 
the bearing areas is shown. Note that the hardened 
have not been carried into the fillets. Fig. 17 shor 


a Fig. 22 — German 
heavy - duty engine 
crankshaft 
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a Fig. 23 — Rockwell 
C hardness survey 
data for No. 3 and 





No. 4. throws of 
crankshaft for Ger-’ 
man heavy-duty en- 
gine (dots indicate 








locations of hard- 
ness indentations) 





B2 31 33 
2, 


Bl 33 34 














a hardness survey of these throws. Hardness 

yn other throws are similar. Also of interest is the 
welding of a nitrided timing gear to the crankshaft. 
g. 184 shows the tooth segment tacked to the shaft with 


low-carbon weld metal, while B, C, and D show the micro- 


ructure of the case, core, and weld metal, respectively. 
Macrographs of many cross-sectioned gears and other 


r 


orgings indicate that German forging practice is con- 


ntly good. Figs. 19 and 20 are representative. 
| and roller bearings that have been used in these 


hicles conform to accepted standards. In each instance, 


trom steels comparable with SAE or NE 52100 
ides. Bearing assemblies have been marked as being 
ide in Sweden, Italy, and Germany. 


a Fig. 24 — Macro- 
graph of No. 3 and 
No. 4 throws of Ger- 
man heavy-duty en- 
gine crankshaft 


August 1945 


3 28 33 30 



































In judging the metallurgical practices, it must be borne 
in mind that this half-track was developed as a heavy-duty 
vehicle, and, while it is apparently possible to make some 
adjustments, it is likely that changes would be made only 
because of dire necessity and after extensive proof testing. 


w Heavy-Duty Engine and Transmission 


This engine and transmission are of more recent design 
and production, estimated to have been produced in late 
1942. Consequently, they reflect later metallurgical prac 
tices, particularly the extent by which such practices may be 
influenced by the supply of critical materials. 

The chemistries and general metallurgical practices used 
in the fabrication of a considerable number of parts are 
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The data do not indicate that German steelmaking prac 





of the Volkswagen. From the table it is also apparent that 
scrap segregation is strictly enforced. Residuals in alloy 






overall average will approximate 0.08 nickel, 0.07 chro- 
mium, and 0.02 molybdenum. 













































shown in Table 8. An overall review shows the phos- 
phorus and sulfur to be in keeping with accepted standards. 


tices have deteriorated since the time of the manufacture 


steels are slightly higher than in carbon grades, but the 





a Fig. 25 — Macro- 
graph of section of 
camshaft fo: Ger- 
man heavy-duty en- 
gine 





As contrasted with the chemistries used in 


wagen and the half-track, there has been almost 


elimination of ferroalloys critical to German 


Chrome and manganese have been used to rey 
previously used molybdenum. Nickel has entire! 


Lil 


appeared, except for one cr two instances 


steels. 


Hardenability requirements have been met by | 


increased use of manganese, chromium, and mor 
quenching in heat-treatment. This is a complet 





~ 


ag GO 





m Fig. 27 (left)—Macrograph of camshaft gear from 





a Fig. 26 (above)—Photomicrographs showing struc: 
ture of camshaft from German heavy-duty engine- 
A shows case structure, carbon gradient extends 0.05 
in. from surface with a fully martensitic zone 0.03 in 
thick; B shows core consists essentially of ferrite one 
martensite, indicating that the final treatment wos o 
quench from above the carbon gradient, followed by 
a low-temperature draw 
A Case structure, reduced from “100 X photomicro 
graph, picral and nital etch 
B Core structure, reduced from 1000 X photomicro- 
graph, picral and nital etch 





erman heavy-duty engine showing dendritic cast 


structure and refined grains at edge 


SAE Journal (Transactions), Vol. 53, No. 8 



















s Fig. 28 — Photomi- 
ographs showing 
tructure of water 
pump rotor — piece 
was made from 










sbilized iron—B:sec- ; ~ %: 
tion through surface : : 
f rotor, reduced 








etch 









lan metallurgical thinking and shows the 
. a difficult supply situation was handled. 
he gear practice (Table g) illustrates the 





sanese-chrome steels. 






mary also chows that carburizing grades 





all cased gears, conforming to the practice 
lf-track but differing from that used in the 





However, the gears were carburized rather 





quenched out to,develop high core hardness 





Fig. 21 shows a macrograph of a cross-section of 





of the sliding gear, a typical heavy-duty 









rankshaft (Fig. 22) is rather large in diameter 





t a speed of about 3000 rpm, which imposes 





on the bearings and throws. The bearing 
en induction hardened; Fig. 






23 shows the re 
. hardness survey on No. 3 and No. 





throws: 






24 isa macrograph of the same section. Other sections 
The hardened areas are not as 
ontrolled as in half-track crankshafts and the quality 
The crank- 

ade from essentially SAE 1345 steel with small 
tions of chromium (0.14% ) and vanadium (0.04%). 


shaft are similar. 






th SE 


| be considered marginal in this country. 






sa 





[he camshaft is made by forging bar steel of SAE 1015 
ysis and carburizing all over to a depth of 0.035 in. 
hining. A macrograph of a section is shown in 
rig. 25, from which the quality of forging and the depth 
i case can be noted. Fig. 26 shows the microstructure of 
An unusual type of processing is em- 
aking the camshaft gear. A cast, medium- 
blank is partially hot pressed or forged at the 
machined to size. The macrograph (Fig. 
1e dendritic cast structure and the refined 
grains at the edge. The gear is normalized after forging, 
taming a hardness of Re 22/27. 


/ 








ise ana core 








pump rotor is of interest only because it is 
typical European white heart malleable iron. 
tal carbon content is obtained by packing white 
hgs in iron ore at elevated temperatures for 2! 
nly occasional fine graphite rosettes are found 
portion of the part. Fig. 28 shows the surface 
€r of this rotor. 







take valves are made from 0.43 carbon, low- 
romium steel which would be entirely satis- 
12% chromium is apparently higher than 
ice requirements. The exhaust valves are 
ed with sodium. 












from 100X photo- “y me ‘a Ral : 
micrograph, nital ae : fe 


They are made from the 
of steel bars which are drilled and hot upset, 








white heart malle- ee eae he, 
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and after filling the hole in the valve head is sealed off 
with 18-8 weld metal. The hot-etched cross-section of the 


exhaust valve is shown in Fig. 29. 


The mainshaft and clutch gear assembly is interesting 





a Fig. 29— Macrograph of exhaust valve from German heavy-duty 
engine 





i» nll, 








Alloying Elements 


Gear c Mn Si oo . Mo Hardness Heat-Treatment Renata 
Dog clutch 0.24 1.32 0.31 1.35 0.02 Case Re 64 Carburized 0.040 in. German Er ; 
Core Re 40/47 ng 
Gear 0.20 0.31 0.31 1.30 0.02 Case Re 62 Carburized German £¢ jy 
Core Re 35 ae ia 
Timing gear 0.25 0.40 0.25 1.44 0.06 Case Re 62 Nitrided Nitralloy 
Core Re 20 } 
Camshaft gear 0.45 0.45 0.28 0.06 0.01 Re 25 Normalized German St. ¢ gs 
Pinion and shaft 0.42 1.23 0.01 0.07 0.01 Fib 94 Normalized German VM 
Starter gear 0.28 1.36 0.37 0.15 0.01 Re 17 Quenched and tempered German VM i 
Clutch gear 0.44 1.26 0.68 1.25 0.01 Re 33 Normalized German VMC ty 
Sliding gear 0.25 1.31 0.24 1.23 0.01 Case Re 63 Carburized 0.020 in. German EC iq 
Core Re 39 ; ; 
Cluster, gear, large 0.25 1.19 0.30 1.25 0.01 Case Re 60 Carburized 0.030i n. German EC iq 
Core Re 39 4 : 
Cluster, gear, small 0.20 25 0.32 1.35 0.01 Case Re 61 Carburized 0.060/9.070 in. German EC 19) 
Core Re 44 - 


Table 9 —- Heavy-Duty Engine and Transmission - Gear Compositions and Treatments 





































































































because of the processing method used. The mainshaft 


is made from 0.30 carbon manganese steel (SAE 1036) 
and the clutch gear from 0.44 carbon, chrome-manganese 
steel forgings, and, after machining all over, the two are 
welded to form an integral unit. The macrograph of a 
half-section is shown in Fig. 30. Although complete pene 
tration through the weld joint has not been obtained, it 












appears that the weld area has sufficient strength to meet 
he stress requirements. The welded areas have been ma 
chined and the assembly straightened after welding. 

A photograph of the transmission gear is shown in 
Fig. 31. The bolted type of assembly differs from that 
used in the mainshaft and clutch gear, and the number of 
bolts seems excessive. The gear and shaft are made from 
forged, low-carbon, manganese-chrome steel (German EC 
100) which was carburized to a case depth of 0.040 in. A 














macrograph of the gear shaft cross-section is shown in 









a Fig. 
(above) - 
German 
heavy - duty 
transmission 
gear 









m Fig. 30 (below) — Mac- 
rograph of mainshaft from 
German heavy-duty trans- 
mission 


SAE Journal (Transactions), 


a Fig. 32 — Macro- 
graph of transmis- 
sion gear shaft from 
German heavy-duty 
transmission 


a Fig. 33 (left)- 


a 
German hecvy- 


duty transmission 
torsion bar 





a Fig. 34 — Jominy 
test hardness survey 
for German torsion 
bar — calculated D.| 
6.0 —chemical com- 
position: 0.58C 
0.82 Mn, 0.30 Si 
0.21 Ni, 0.90 Cr. 
0.05 V, 0.04 Mo 








m Fig. 35 — Jominy 
test hardness survey 
for German torsion 
bar — calculated D.|I. 
5.5-—chemical com- 
position: 0.57 C, 
0.76 Mn, 0.36 Si, 
0.05 Ni, 1.05 Cr, 
0.03 V, 0.01 Mo 


C Hardness 


Rock well 















Fig. 32, from which it is apparent that considerable ma- 
chining was done on the blank. 

Fig. 33 is a photograph of the torsion bar and Fig. 34 
is the hardenability curve based on standard Jominy tests. 
This highly stressed part is made by hot upsetting bar 
stock of carbon-chrome analysis. However, the hardenabil- 
ity has been materially increased by a vanadium addition 
of 0.05%. A small quantity of nickel somewhat above 
residual limits is also present. The calculated D.I. is 
approximately 6, which is about right for the 2'4-in. cross- 
section. A measure of the effectiveness of heat-treatment 
is indicated by the 148,000 psi yield strength (0.1% offset) 
at the surface and 131,000 psi at the center of the bar. 

For comparative purposes, a hardenability curve derived 
from tests made on the torsion bar from a lighter German 
transmission is shown in Fig. 35. The hardenability is 
essentially identical, having a D.I. of 5.5, but the bar size 
is 1/4 in. as compared to 244 in. in diameter. The yield 
strength is much higher, ranging from 195,000 to 205,000 
psi, and it can only be assumed that the torsional stress is 
greater. 

Aluminum-alloy (12% silicon) castings are used for the 
engine block, pistons, crankcase, timing case, and intake 
manifold. Cast-iron, cylinder-liner inserts are used and 
the cylinder head is also cast iron. 

The aluminum-alloy pistons are cast oversize and sub- 
sequently hot pressed to grinding size. A macrograph of 
a cross-section is shown in Fig. 36. The microstructures 
of the piston and the gray iron piston rings are shown in 
Fig. 37. 


m Fig. 36 - 
Macrograph 
of piston 
from German 
heavy - duty 
engine 


Copper and its alloys are used sparingly and only when 
essential. Applications consist largely of bushings 
standard compositions are generally used, as noted i 


Table 4. 


= Summary 


Since the beginning of hostilities, the Ordnance Depart 
ment has taken measures to obtain enemy matériel of al 
types for engineering studies. The minimum time elapss 
between the enemy introduction of a new or modified iten 
into battle and the completion of our proof tests and en 
gineering studies. Among these studies are those involving 
metallurgical and materials engineering, the results o 
which permit a number of conclusions to be drawn, suc 
as: 


a. Raw materials supply situation of enemy nations 

b. The selection and application of materials and pro 
essing methods. 

c. The quality of materials and end products 


d. New materials and processes. 

The Japanese have apparently been drawing upon thet 
stock pile of pre-war finished matériel and much ot te 
captured automotive vehicles may not be representative 0 
their war production capabilities. Other items are "reasol 
ably exact facsimiles” of American products, even down © 
the accessories. It is not feasible to draw up-to-date co 
clusions, but it appears from their ferroalksy supply st 
tion that it will be necessary to make adjustments 1 210} 
steel chemistries. Their metallurgy, as indicated by ™* 


SAE Journal (Transactions), Vol. 53, No. § 
































































































































































Fig. 37 — Photomi- 
graphs showing 
structures of com- 

nents of piston 
sssembly — A shows 
tructure of an alu- 
minum-alloy, forged 
piston Part A, gray 
-onstituent is silicon, 
dark - etching con- 
is a com- 





shows fine gra- 
hite flakes distrib- 
uted in a_ rosette 
pattern with occa- 
sional modules of 
graphite; C shows 
matrix is pearlite 
with a considerable 
quantity of steadite 
present 


ards. The excessive use of alloys to compensate for the 
Jack ot modern metallurgica! practices, such as carburizing, 
induction and flame hardening, and other forms of produc- 
non heat-treating, reflects either the lack of industrial 
know-how or inadequate modern facilities. 

Che quality of materials and workmanship of the vehi- 
cies discussed are reasonably good. Steel mill products 
indicate satistactory practices; forged products conform to 
accepted standards, but the castings examined were gen- 
rally substandard. The latter applies particularly to light 
netal castings and is undoubtedly due to the limited ex- 
perience with the production and extensive use of such 


According to our standards, there is no evidence of new 


pevelopments in materials and processes, but the necessity 


for meeting the requirements of their war economy will 
Pkely cause intensive research and planning. 

by comparison, the German metallurgical practices are 
it and advanced. From the data presented it is ap- 


arent that they have recognized their shortcomings in the 
ply ot basic raw materials, and have developed usable 
satistactory constructional materials from available 
Sage The development of chrome-manganese and 
hrome-sili 


con alloy steels provides hardenability without 
Xcessive drain on their critical alloys. The fact that they 
lust now be dependent upon the stock pile for chromium 

Cause some concern, but it can be assumed that this 
wssibility was foreseen. The use of these alloys permits 
“sc Of a more critical nature to be allocated where essen- 


tor steels for the production of armor, shot, 


vLUST 


Ferroalloys have been conserved by strict enforcement 
of scrap segregation requirements and, as a result, residual 
alloys in these parts are in keeping with pre-war levels. 
Technical articles appearing in the technical and trade 
papers of this country are quoted in German publications, 
and they undoubtedly are familiar with our means of ob- 
taining hardenability with smaller quantities of three or 
more alloying elements. There is evidence that the prin- 
ciples of hardenability are understood, and the results are 
achieved by means best suited to their economy. 

The Germans extensively use forging as a means of 
fabricating, but apparently are not able to hold close toler- 
ances as evidenced by the large amount of machine work 
performed on the rough blanks. Of particular interest is 
the hot pressing of ferrous and nonferrous castings to im- 
prove the structure of the metal. 

Ferrous and light metal castings are also used extensively, 
and the soundness and quality compare with the high 
standards of this country. 

The heat-treating practices are in a highly developed 
stage and compare favorably with those in this country. 
Carburizing is used extensively, possibly as a means of 
conserving ferroalloys, or to produce compression stresses 
in the surface and to meet other requirements. Flame 
and induction hardening are advantageously applied in a 
great number of instances. 

To generalize, it is the experience of Ordnance engineers 
that German automotive metallurgical and materials engi 
neering is in keeping with commercial standards. The 
Japanese metallurgical situation is less clearly defined, but 
their lack of ingenuity and original thinking is reflected in 
their automotive matériel. 
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RESENTED here is a general picture of the 

mechanical function of crude rubber when 
combined with metals for the purpose of tor- 
sional vibration control. 


Dampers of this type have been successfully 
designed and produced for engines of various 
displacements up to 650 hp. The author believes 
that in the future it will be possible to design 
bonded rubber dampers for engines of greater 
power output. The characteristics and test dota 
included will show what result can be obtained 
with the addition of this type of damper. 








HE torsional vibration problem in diesel engines differs 
from the problem experienced in gasoline engines in that 
the amplitudes of the torsional vibration periods are, as a 
rule, considerably higher. 


This condition is, without a 
doubt, due to the high compression pressures needed to 
ignite the fuel, along with rather constant, uniform explo- 
sion pressures over a long time period for the burning of 
the fuel. With this condition existing we can expect 
increased torsional deflection in the crankshaft, due to the 
action of the reciprocating parts in the elastic system, when 
the crankshaft is revolving at what can be considered con- 
stant velocity following the suction stroke. When the com- 
pression stroke starts there is a gradual pressure increase 
which will result in decelerating the crankshaft. This 
action of the crankshaft is reversed when the fuel is ignited, 
resulting in a very rapid build-up of pressure exerted on 
the piston and connecting rod which immediately reverses 
the stress in the crankshaft and results in a torsional strain. 
This reaction takes place every time a cylinder is fired. 
The twist exerted on the crankshaft will vary, depending 
on the location of the cylinder in relation to the mass of 
the flywheel. Such condition is further aggravated by the 
use of counterweights on the crankshaft. 

From tests observed tight timing chains or gears hav- 
ing close backlash limits will tend to create a more rigid 
drive connection between the crankshaft and the camshaft 
sprockets. Any assembly of this nature in operation would 
tend to dampen for an uncertain length of time the existing 
torsional vibration in the crankshaft. Engines built with 
tight timing chains or with gears assembled with almost 
zero lash will have less thrash and noise when operated in 
the speed range of the torsional periods. This condition of 
quietness and smoothness will only last as long as the gears 
and chain will remain tight. After both the chain and the 
gears have loosened up, the torsional roughness and noise 
would again predominate. The effects of torsional vibra 
tion periods in the operating range of diesel engines with 
out torsional vibration dampers have, in some instances, 
resulted in crankshaft failures, excessive bearing wear, 
increased timing gear or chain wear, and in some cases 
gear and chain failures. There are also many instances in 


{This paper was presented at the SAE War Engineering — Annual 
Meeting, Detroit, Tan. 8, 1945.] 
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the past where the failure of fuel pump and acces 
have been indirectly brought about by the excitation 
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by high amplitudes of torsional vibration in the 





chain drives at the free end of the crankshaft. Ther 
also known instances where engines running in tor 
periods will actually show some power loss. This co 


is caused by the fluctuation in the accessory drive g 










chain, and has as its disturbing element the inherent 
tude of torsional vibration in the crankshaft while 
engine is operating in one of the major or minor crit 
periods. 




















Some manufacturers of diesel powerplants are 








opinion that, when the engine is operating in one 
critical periods of torsional vibration, the loads developed 
by the injection pump, generator, fan, blower, and so 01, 
will tend to dampen the amplitudes of the torsional vib 
tion periods. The actual dampening of the torsional amp 
tudes is quite minute and is far from being enough t 
smooth out the torsional periods over the entire range. | 
is known that in comparatively new engines the amplituds 
of the torsional periods in the operating range will b 











































































































= Fig. | — No. 2368 torsional vibration damper showing section © 
inertia member, rubber, and retainer member. This damper ¥# 
designed for a 4-cycle, heavy-duty, 8-cyl engine-generator u" 
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DAMPERS 





his is entirely due to the friction of the recipro- 
ating parts and tight accessory drive gears or chain. 
When bonded rubber, torsional vibration dampers are 
ngineered for any engine, all pertinent facts are and 
ould be taken into consideration. For example, engines 
may be rigidly or flexibly connected to the generators. Or 
jain the generator armature and shaft may be as much 
bs four or five times the mass of the engine flywheel and 
roupling. In addition, the distances between the flywheel 
und coupling will vary along with the diameter of the 
onnecting shaft. This same condition may exist in other 
ases and adaptations where the length and diameter of the 
\ ill vary between the coupling and the genera- 
r armature. Such problems as described above are also 
prevalent when reverse and reduction gear boxes are 
assembled direct to the powerplant for marine installation. 
ipplications the length and diameter of the drive 
ind the mass of the propeller must be taken into 
nsideration, as they will have a definite bearing on the 


orsional problem. 
























[herefore, each and every multicylindered engine 


















| wd ahr 2395 torsional vibration damper showing bolted-on 
‘ion of “ ar : rubber section, and retoiner member. This damper 
ot wos “esigned tor a 6-cyl, supercharged locomotive engine-gen- 
unit erator set 
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designed and produced has its inherent torsional char 
acteristics which are readily changed, depending on the 
installation and the assembly unit characteristics. It 1s, 
therefore, easy to recognize why each individual case must 
be handled independently. 

When considering the design of bonded rubber dampers 
for any engine, whether it be gasoline or diesel, we first 
check the powerplant with torsiograph instruments in 
order to determine the natural frequency of the system. If 
we are unable to make this check, we calculate the fre- 
quency of the entire system in order to establish the 
location of the torsional periods, frequency, and stress of 
possibly the first, second, or third mode of vibration, 
depending of course on the purpose for which the assembly 
is to be used. 

It has happened, in some instances, that we have rec- 
ommended certain changes be made, so as to shift the 
objectionable, high-amplitude torsional périods beyond the 
maximum operating range of the engine. The making of 
such recommended changes is, however, not always pos 
sible. Therefore, a bonded rubber, full range torsional 
vibration damper becomes a necessity to dampen the high 
amplitudes of torsional vibration. 

When the properly designed damper is added to the 
elastic system, it works in combination with the crankshaft 
to dampen the torsional vibration periods. Thus, in opera 
tion, continuous dampening will take place at all speeds in 
the operating range and particularly in the torsional periods 
where the amplitudes of torsional vibration are excessive. 
The dampening of such amplitudes will take place in the 
rubber of the vibration damper. It is to be understood that 
the damper assembly must be engineered and designed so 


as to be in proportion to the elastic system, both in mass 


meee ; 
and frequency. The rubber damper will consist of the 
] 1 j 1 1 

ariving membe - the rubber, and the oscillating mass, as 
shown in Fig. 1. The retainer, or driving member, and 


oscillating Inass are bonde d tov ther with specially pre 

ed crude rubber compound. Such compounds will have 

en worked out in advance, so as to give the desired 

deflection and hysteresis when cured in the mold. Mini 

; ; 

1um bond strength required in production dampers 
| 11 1 

between the rubber and the metals is 200 psi tensile 


Damper designs referred to in this paper are shown in 
Figs. 1 and 2 
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a Fig. 3-—Reduction of 6- 
cyl. diesel locomotive en- 
gine-generator set to equiv- 
alent lengths of straight 
shaft between masses (not 
to scale). If coupling has 
much radial deflection un- 
der load, natural frequency 
of entire system will be 
lowered, thus possibly 
bringing critical periods of 
torsional vibration within 
operating range of engine 
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In order to design a torsional vibration damper for 
variable-speed engines properly, factors such as the moment 
of inertia of all reciprocating parts, the equivalent length 
of the crankshaft between crankpins, along with the fre- 
quency of the system, must be determined by calculation 


bonded rubber type of torsional vibration damper, as shows 
in Figs. 1 and 2 


m Applications 
















f ne t = considered will be a 

or test before the fundamentals of the basic design for the The first engine to be c Seger pe gee ng 

damper can be established. When engines are used to piencene a oo" — particular i are “ng q 
; ; ; a as ith ; -bearing ator, driven through: 

drive other units by means of couplings, it is also necessary assemb ee ab gee 7 : ® ” 

to determine the equivalent length of the coupling, as rigid coupling. The first-mode natura pra Of the 

indicated in Fig. 3. lf such couplings as used have con- engine was calculated to be 4902 vpm, while the actu 





siderable radial deflection under load, the natural frequency frequency of this powerplant was 4740 vem determined 
of the entire system will be lowered, which in many cases test with the Sperry torsional — (pe, Sag 
will result in placing the critical periods of torsional vibra- that our first-mode frequency calculations of the engi 
tion in the operating range of the engine. Several installa- without the damper were somewhat high. In reality th 
tions will be explained to illustrate the application of the difference is negligible. The second-mode natura 














ak T: 


SI. 





nee & #eF ££ RSS CF AsO CP CF@ANWA SSA 4A TFT 


DEFLECTION, + OR— DEGREES AT FREE END OF CRANASHIAS T 








DEFLECTION, +OR — DEGREES AT FREE END OF CRANK 












400 Joo 600 700 800 900 
ENGINE REST. 


a Fig. 5— Torsional vibration characteristics of superchar ead 

a Fig. 4-Torsional vibration characteristics of supercharged loco- motive engine-generator set, showing satisfactory resu! ine y 

motive engine-generator set without damper. Engine run at full with No. 2395 damper having 0.004-in. deflection. Engine ru" 
load over operating range (350 rpm to 900 rpm) full load over operating range (350 rpm to 900 © 
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s Fig. 6- Torsional vibration characteristics of supercharged loco- 

motive engine-generator set, showing results obtained with No. 

2395 damper having 0.0055-in. deflection. Engine run at full load 
over operating range (350 rpm to 900 rpm) 























quency of this unit was calculated to be 10,370 vpm. The 
critical speeds in the operating range of the system for the 





















































first-mode vibration are as follows: 
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tn 7~Torsional vibration characteristics of supercharged loco- 
MOTive enc 


2396 don se denerator set, showing results obtained with No. 
5 damper having 0.007-in. deflection. Engine run at full load 
over operating range (350 rpm to 900 rpm) 
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Table 1 - First-Mode Natural Frequency Calculation 


F = 4902 vpm W = 513.32 radians per sec W? = 263,500 radians? per sec? 
Stress for 

1-Deg 

Torque Deflec- Change Defiec- 

Moment per Unit tion in Torque Shaft in tion at 

of Deflec- Place in Place Total Stiff- Defiece Mass 

Mass Inertia tion of Mass of Mass Torque ness tion No. 1 


—1 3.454 0.91013 1.0000 0.91013 0.91013 17.283 0.05266 888 

25.91 82729 0.94734 6.46776 7.37789 99.43 0.07420 3035 

25.91 6.82729 0.87314 5.96118 13.33907 99.43 0.13415 5480 

25.91 6.82729 0.73899 5.04530 18.38437 99.43 0.18489 7550 

25.91 6.82729 0.55410 3.78300 22.16737 99.43 0.22294 9120 

\ 2.26093 24.42830 99.43 0.24568 10,050 

25.91 6.82729 0.08548 0.58360 25.01190 107.2 0.23331 10,270 
192.13 50,62626 —0.14783 —7.48408 17.52782 574.713 0.03049 


9.33 2.45846 —0.24279 —0.59689 0.10336 


SCaonoaaawn— 
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tions are shown in Tables 1 and 2. The vibration damper 
shown in Fig. 2 was designed for this particular engine 
generator unit. This damper has the following charac 
teristics: 


Mass, lb-in.” 10,249 
Bond Area, sq in. 190.4 
Deflection, First Piece 0.004 
Second Piece 0.0055 
Third Piece 0.007 
Volume, cu in. 3.3 


The results obtained with the test dampers as described 
and assembled on the crankshaft of this particular engine 
are shown in Figs. 4, 5, 6, and 7. Fig. 4 indicates the 
actual amplitude recorded on this particular engine with 
out the torsional vibration damper as described above. Fig. 
5 indicates the results obtained with sample damper having 
0.004 deflection. Fig. 6 illustrates the result obtained with 
damper having 0.0055 deflection. Fig. 7 indicates the result 
obtained with damper having 0.007 deflection. 

Comparison of the torsional vibration harmonics of 
the subject engine-generator system would indicate that 
damper, Part 2395 as shown in Fig. 2, having deflection of 
0.004 is satisfactory for this engine application without any 
further experimental tests. It is to be noted that the more 
flexible dampers, namely assemblies havirig 0.0055 and 
0.007 deflection, resulted in placing the sixth-order, second 
mode vibration in the operating range. The stress imposed 
on the crankshaft with the high deflection test damper was 
comparable to the sixth-order, first-mode stress of the 
engine-generator system in operation without the torsional 
vibration damper assembly. Mass distribution and equiva 
lent iength diagram for this engine is shown in Fig. 3. 

In another installation, damper No. 2368 (shown in 
Fig. 1) was engineered and designed for a 4-cycle, heavy 
duty, 8-cyl engine-generator unit. The torsional vibration 


Table 2 - Second-Mode Natural Frequency Calculation 


F = 10,370 vpm W = 1086 radians per sec W2 = 1,179,300 radians? per sec? 


Stress for 
1-Deg 
Torque Deflec- Change Deflec- 
Moment per Unit tionin Torque Shaft in tion at 
of Defiec- Place in Place Total Stiff- Defiec- Mass 
Mass Inertia tion of Mass of Mass Torque ness tion No. 1 


3.454 4.065 1.0000 4.065 4.065 17.283 0.2353 3960 
25.91 30.54 0.7647 23.34 27.405 99.43 0.2755 11,270 
25.91 30.54 0.4892 14.96 42.365 99.43 0.426 17,400 


1 

1 

2 

3 25.91 30.54 0.0632 1.93 44.295 99.43 0.4455 18,220 
4 25.91 30.54 -—0.3823 —11.68 32.615 99.43 0.328 13,420 
5 25.91 30.54 0.7103 21.68 10.935 99.43 0.1101 4490 
6 25.91 30.54 —0.8204 25.05 14.115 107.2 0.1316 5810 
7 19213 226.3 —0.6888 — 156.1 170.215 574.713 —0.296 

8 358.13 422.2 0.3928 —165.8 336.015 10.861 —30.95 

9 9.33 11.00 30.557 336.1 0.085 
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a Fig. 8— Comparison of torsional vibration characteristics of en- 
gine-generator unit, showing results without damper and with No. 


2368 dampers 
range. 


Aand D. All runs at full load over 


dampers produced for test had the following char- 
acteristics: 


Mass, lb-in.” 


1275.0 
Bond Area, sq in. 90.5 
Deflection-Damper, 4 0.019 
B 0.022 
c 0.022 plus 25% in 
crease in WR? 
D 0.027 
Volume, cu in. 34.53 
Fig. 8 illustrates the torsional vibration orders 


and amplitudes checked on the engine with vibra- 
tion dampers A and D and without the torsional 
The angular deflec 
tion as indicated is plus or minus at the free end 
of the crankshaft. The engine from which these 
data were derived was operated at full-load torque 
over the entire operating range, namely, 960 rpm 
to 1350 rpm. 

The 


case of dampers 4 


vibration damper assembly. 


In the 
and B, both dampers were re 
due 


results obtained are as follows: 


yecte d 
tude 


gaQo 


after 
the 


testing to the excessive ampli 


of vibration at 


Figs. 8 


first-mode 
rpm shown in the resonance curve, 
and g. In order to eliminate the high amplitude 
the fourth at the oscillating 
mass factor of damper B was increased approxi 
mately 


fourth-order, 


of order 990 rpm 


25%. This additional mass resulted 


shifting the fourth order to 


This 


peak amplitude of the 


900 rpm, as shown in Fig. 9, damper ie 


torsional vibration dam 


per was considered satis 

factory for the operating range of the engine 

generator set after thorough stress calculations had 
been analyzed. 

In order to illustrate clearly the result obtained 

with various types of testing equipment, tests 

were made with the Sperry-M.I1.T. equipment 


and the mechanical Summers torsiograph instru 


ment. The results of the tests with both instru 


ments are illustrated in Figs. 10, 11, and Fig. 


Checked with Sperry-M.1.T. equipment. 
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a Fig. 9—Comparison of torsional vibration characteristics of ep. 
gine-generator unit showing results without damper, 
2368 damper B and with damper C having 25%, increase in WR 
All runs at full load over operating range. 





10) Sperry-M.I.T. Torsiograph Records Showing 
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» Fig. || - Mechanical torsiograph records showing torsional vibrations of 8-cyl crankshaft with damper C 


> 


13 indicates the hysteresis dampening characteris 
tics of dampers B and C which were used in th 
atorementioned tests. These data were obtained 
by exciting the oscillating member by means of 

: : . . E a trip lever mechanism, as shown in Fig. 14. The 
rsional Vibrations of Engine Crankshaft (Fig. 10) resulting vibration was recorded with the Sperry 

M.I.T. vibration equipment to determine the 

natural frequency and the hysteresis factor of the 

damper used in the torsional vibration tests 





Mass distribution and equivalent length dia 
] pM 

gram tor the engine-generator set as an ilyzed and 

tested is shown in Fig. 15. The same frequency 


calculation procedure as shown in Table 1 was 





used to determine the frequency of this system 
In addition, the system was analyzed to d 

: termine the various orders and amplitudes. Fig 

ft tee ee 16 indicates the calculated maximum amplitud 
RR. of the system without the bonded rubber, tor 





sional vibration damper. Fig. 17 illustrates the 





calculated result obtained with the damper as 
sembled to the crankshaft. Figs. 18, 19, 20, and 


21 show the individual orders of torsional vibra 





tion and their calculated values as determined in 


this engine-generator assembly with the damper 


installed. 


——__. 2? Rey ——_____» Another interesting problem solved by means of 


——~ 1100 RPC ——|_F6.marrer a torsional vibration damper of the bonded rubber 








Ri Ne type was that of a gear rattle in the reverse gear 
oad = assembly of a marine engine installation 


oo is 
ee! year rattle was severe and objectionable 


VS caused by excessive changes in angular \ 
60 CAS. ave : of the crankshaft at low speed due to the 





es 


compression pressures in the engine. The inten 
sity of the rattle reached its peak at 500 rpm and 
continued in some instances to 1400 rpm rt 


} ] | 


speed at which the rattle disappeared varie 





The idling speed of this pow rplant wa 
£ SI 


6oo rpm. Many types of dampers wer 





ered. It was decided that a 


Ree. $ , 
Powys damper could be de veloped to overcornn 
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a Fig. 12 — Comparison of torsional vibration characteristics of en- 
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» LIOUNTING | 
problems to overcome inasmuch as the bonded rubber P 
damper would necessarily have to be outside the crankcase ~ 
so as to be free of oil. The only available location for such 
a damper was the flywheel end of the engine when built 
and produced for marine use. To investigate this problem ) , AMPLITUDE AND FREQUENCY OF DAMPER [ASS 
: . A 
it was agreed that samples should be produced for test | tT T ee 
TH Hh RA A 
purposes to determine whether or not the rattle could be \] Y | VVVVVv 
eliminated with the use of the rubber type of damper ' 
l a | te 1e a i < y ° ° . ° 
ssembled to the front or flywheel end of the marine engine © Fig. 14= Tele cenesqumect ned te :chocking enteral frequen 
adaptation. of dampers, with Sperry-M.1.T. equipment 
\ test damper was fabricated having a deflection of 0.397 ae. _ : 
at 10 in. radius under 500 ft-lb torque load with an inertia 
member of 1780 |b-in.* The inertia member was designed frequency of the damper could then be varied from 
so that by means of plates it could be increased to 3200 to 130 cps. The 21-cps damper would use the 32 
Ihoin- ) r . mne . . -) Sa ; . ; oor 
Ib-in.” in order to obtain a lower damper frequency. The member. It was determined from tests that a frequ 
40 to 60 cps was most effective in elim g 
the gear rattle. The experimental damper 
: 1 at 4 = é 
then redesigned and released for prod 
: with a member having an inertia 
2620 |b.-in.* 

There are instances where engines ha 
serious amplitudes of torsional vibration 
operating speed range, but the same eng 
with pulleys, fans, pump, or other access 
directly connected to the crankshaft pres 
other problem. This is due to the fact 
with the additional equipment added 
front of the crankshaft, the fundamental « 
natural frequency of the system is ver 
This lowering of the frequency may 
torsional vibration resonance in the operating 

Becord Nei $374 ‘ range 
- < Pen] . 

We have developed a flexible drive 

ais ing of an inner and outer sleeve with rubbe! 








a Fig. 13—Sperry-M.I.T. records showing hysteresis damping and natural 
frequency of dampers A, B, and C 
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bonded to the ID of the outside sleeve 


OD of the inner sleeve. The inner 
keyed to the crankshaft. All accessor 
driven from the outer sleeve. The vo 


rubber, its modulus, and the driven m: 


be in proportion with the elastic systen 


to be out of phase with the crankst 
quency. 
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22” 
~ “1 601 owl os ous wi { - he 
~ “ r “ es ™ ? ‘ . Fig. 15 — Reduction of 
" B-cyl diesel engine-gener 
ator unit to equivalent 
engths of straight shaft be 
pn. £9,958 23.567 | 23.507 | ag.ser | arom | 23.507 | 29.507 | 29.307 | 32.89 | 204. tween masses (not to scale 
Same frequency calculation 
procedure as shown in 
E Table | was used to deter 
q mine frequency of this 
‘ 7 . oi . * system 
2 3 4 3 ry ? 8 
Figwnee) Geoeret 
Dual vibration dampers are used extensively on 6-c) 
— 2-cycle diesel engines. The assembled damper unit consist: 
4 ee t+ tw nlat tune { lar | 110 
of two plate type of dampers, as shown in Fig. 1. Th 
| lampers differ from each other in both frequency and 
mass, 
t ° - ' 
| [he heavy damper assembled next to the engine has th« 
| following characteristics: 
1 
| Mass, lb-in.* 256.0 
a Deflection 10 20 at 400 ft-lb 
= Bond Area, sq in. 55. 
= ‘ 
- Volume, cu in. 17.5 
Ts | | This damper will suppress the torsional periods of the 
| | - . , : 1 
o a 4 first-mode frequency. The second damper is much lighter 
2 3 2 5 6 7 8 Vo ; " Ta | | 
maSS NO and its frequency is such that it will suppress the ninth 
: ; ¥ and sixth orders of the second mode which are in th 
s Fig. 1'6— Greatest amplitude of the system without damper. All 
maior ond minor orders included system when the engine is operated at speeds above 2 
rpm 
This damper has the following specifications 
+ © 
: Mass, Ib-in.* 144.0 
_— Deflection 0.060-0.080 at 400 ft-lb 
Bond Area, sq in. 55.0 
) } Volume, cu in. 16.4 
sd og — It may be stated that in both dampers the retainer met 
MASS vo Yr 
ber is the same. The difference in the dampers is that ot 
} mass and frequency. The result obtained with this com 
| bination of dampers is shown in Fig. 22. 
¢ y | . . ’ 
Y~ | Methods of calculating the frequency and stress, in this 
S | a a ; 
; 4 instance are the same as referred to in the fore part of thi 
il . ‘ 
a -_ paper. 
In the calculation and design of bonded rubber, torsional! 
. vibration dampers, the relation of the rubber modulus, 
hysteresis, and frequency must be in proportion to the 
- natural frequency of the reciprocating parts in the elastic 
J | a re 4 ° s , y 
“6 system of the powerplant for which the damper is designed 
5 . _ —_— a The natural frequency of bonded rubber, torsional vibra 
« Fig. 17 (above) — ‘ 
ee Greatest calculated 
o I . a Fig. 18 (right) - 2 
; amplitude of major 1g. gn} - . ——$——____—— 
the and minor orders Calculated ampli- . [ 
with dampers (2I/ tude of 2!/2 order + —- - 
3/2, 4, 4% orders) of torsional vibra- 
tion as determined “| am 
for engine - genera- 
for assembly with - = 
bonded rubber, tor- AP RS i 
sional vibration 4 -2 -/ y 2 3 2 4 6 ? 8 9” 
ie damper installed TASS NO 
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a Fig. 20—Calculated am- 
plitude of fourth order of 
torsional vibration as de- 
termined for engine-gene- 
rator assembly with bonded 
rubber, torsional vibration 
damper installed 
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tion dampers will, as a rule, vary from 65 to 85% of the 
crankshaft frequency. The moment of inertia in the 
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a Fig. 21 —Calculated amplitude of 4'/2 order of torsional vibra- 
tion as determined for engine-generator assembly with bonded 
rubber, torsional vibration damper installed 


damper will vary from one-quarter to one-sixth 
effective inertia of the system. 
Let us analyze this damper. What in the 








a Fig. 19-—Calculated am- 
plitude of 3!/, order of 
torsional vibration as de- 
termined for engine-gene- 
rator assembly with bonded 
rubber, torsional vibration 
damper installed 
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assembly, while in operation, brings about the reductio: 
amplitude of the torsional periods in the crankshaft? TI 
answer to this question is: The combination of hysteres 
its various factors, and the mass of the oscillating met 


result in the damper unit having a_ predetermine 


quency. The damper assembly in combination wit! 


elastic system of the powerplant tends to restrain the 
tion in angular velocity at the free end of the crankshat 
This action results in the slowing up or the retarding of t 





eae aes tee ey ee OR SG ae Se Se a 





(a a a . 
\——+--——— | WO |DA/PER | | 
co|__| | |=—4=— ry DOYBLE| DAYPER | __ 
y | | | 


9} + + + + + 4+ + 4—_4 fp 


































































torsional movement in the system. In 
manner the damper unit retards the torsior 
twists in the crankshaft. This reaction is 
to the differences in frequency betwee! 
elastic system and the damper, which 
in an out-of-phase relation between th 
system and the damper. 

Bonded rubber, torsional vibration 
ers, will, as a rule, outlive the powerplants 
We recently had the opportunity to recheck 
one of our production dampers of the typ 
shown in Fig. 1, removed from a 
western Greyhound coach which had be 
in service from October, 1938, to Marc! 
1941, running between Dallas, El Paso, Hous 


a Fig. 22-—Comparison of torsional vibra 

tion characteristics of 2-cycle, 6-cyl, diese 

engine without damper and with double 
damper unit. All test runs at full load 
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a Fig. 23-Method of loading 

nold. Molding is done in con- 

entional hydraulic presses with 
steam heated platens 


ind San Antonio. On this route the operation was sever 
coach was running at top speed. This powerplant 
run better than 344,000 miles prior to our receiving 
lamper assembly. Our examination indicated that the 
lamper had a deflection of 0.042 when originally produced 
B® After 244 years of service this damper had a deflection ot 
38. The difference of 0.004 static deflection resulted in a 
equency change of 6 cps. The original frequency at the 
e of installation being 135.5 cps and 141.5 cps after 
ng removed and returned for inspection. 
: This damper construction has certain inherent advan 
B tages in that it eliminates all sources of damper rattle and 
quires no lubrication. It also resists all elements of 
veather, dust, and so on, and requires no adjustment at 
sembly, therefore completely eliminating the human ele 


nt involved in such operations. 


# Uniform Quality Required 


a j The successful operation of the bonded rubber type of 
torsional vibration damper depends upon the degree and 
nitormity of the inherent quality of the crude rubber 

pound in the damper. 

IK , Since the function of the particular damper must depend 


Py 


pon the hysteresis of the rubber element, its ability to 
vithstand abuse in service must be reliable. 
Relative movement between the metal members of the 
ck lamper will impose proportionate stress upon the rubber 
pe lement. This movement is controlled by the inherent 
silience and damping characteristics of the rubber com 
el pound. The loading of the rubber is in proportion to the 
ement of the oscillating damper member, and will vary 
le in operation with respect to the amplitude of the 
nal periods in the operating range of the engine. 
lo control such torsional periods the damper must be 
ned to the critical frequency. It, therefore, is essential 
that the physical properties of the rubber element in the 
famper be held constant. 
size, weight, and design of the metal parts having 
lecided, and likewise the volume and distribution of 
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he rubber compound between the metals laviIng been 
etermined in the original design, it is necessary for the 
rubber manufacturer to provide a rubber compound having 


‘a 


femevy 





a Fig. 24—Compounded stock is preshaped and assembled be- 
tween prepared metal parts, ready for placing in the vulcan- 
izing mold 
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consistent qualities as specified for long life and the close 
control so essential in the fabrication of bonded rubber, 
torsional vibration dampers. 

The initial step In obtaining the best rubber compounds 
for dampers is in the selection of the crude rubber to be 
used in formulating the compound. It is customary to 
allocate the highest grade of plantation rubber available for 
this purpose, so as to obtain the best rubber compound 
possible having the behavior and qualities so essential for 
damper life. 

Having chosen the type of rubber to be used, the rubber 
manufacturer will assign multiple lots for blending in 
order further to promote uniformity. The blended rubber 
is then premasticated to a consistency most suitable tor 
smooth and uniform dispersement of the compounding 
ingredients. 

The control of the vulcanization properties of rubber 
calls for the skill of the compounders. It is essential that 
the proper degree of vulcanization shall be effected in a 
reasonable period of time. It is also essential that the 
physical properties of the vulcanized compound in the 
damper shall remain virtually unchanged throughout its 
life cycles of storage, service, temperature change, and 
exposure to the elements. 

We can here review the normal life cycle of a particle of 
commercial rubber. From the moment the rubber is re- 
moved from its natural place in the trunk of the rubber 
tree, a long struggle with the elements takes place that 
results in the gradual changing of the rubber molecules, 
and ultimately in their complete oxidation. 

It is the object of the compounders to prolong the stage 
between vulcanization and practical deterioration to the 
fullest economic degree. There are cases on record of 
commercial rubber pipe gaskets being dug up after decades 
of useful service in cool, damp ground. Certain grades of 
lignite coal contain threads of naturally vulcanized rubber 
that have preserved their elasticity through ages of protec- 
tive fossil existence. 

However, the demands made upon the rubber compound 
in torsional vibration dampers are more severe. In the 
ordinary applications of rubber for vibration isolation, 
resonance must be avoided. 


@ Progress in Compounding 


In the hundred odd years that vulcanized rubber has 
been a commercial product the art of compounding and of 
mechanical design has progressed from the early rule-of- 
thumb stage to one of dependable technology. Through 
the application of modern chemical compounding, with 
organic accelerators of vulcanization, oxidation retarders, 
and flex fatigue resisters, vulcanized rubber parts have 
become useful integral members of machines, instruments, 
and mechanical structures. The highly developed art of 
securing bonded adhesion of rubber to metal has further 
enhanced the usefulness of structural mechanical rubber. 

Torsional vibration damper service is one of the most 
critical examples of the application of specially compounded 
rubber. In service, dampers are subjected to considerable 
changes in temperature. In cold weather, engine starts 
after periods of idleness require a damper to respond 
quickly without any impairment of its protective action 
due to freezing. Likewise, in hot weather and in sustained 
operation, the rubber must -not deteriorate through the 
action of high temperature, or appreciably change its 
physical characteristics when heated. 
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The effects of external heat, as well as self-induced 
upon the dynamic fatigue resistance of the rubh 
minimized through careful compounding. 

While natural rubber does not possess all of the 
properties to the optimum degree, it does afford th« 
pounder a balance of qualities that makes torsional 


i 


tion dampers so useful. 

Although natural rubber requires care and judgme 
its application to damper service, it is much more ve 
and adaptable for that purpose than the presen 
synthetic rubbers. While the study of synthetic 
application to damper service is an extremely inter 
problem, the actual application of synthetics is as yet 
limited. 

Having the compounded stock in the proper conditi 
for vulcanizing, it is preshaped and assembled betw: 
prepared metal parts, ready for placing in the vulcan 
mold. Molding is done in conventional hydraulic 
with steam heated platens. (See Figs. 23 and 24.) 

The molding operation serves to shape the assembly, 
also determines the proper spacing between metal 
It completes the reaction that bonds the rubber integra 
to the metal surfaces, and vulcanizes the rubber compou: 
to its proper state. 

Adhesion of the rubber to the metal surfaces is secur 
by means of the conventional method of electroplating 
brass over the steel surfaces to be bonded. This brass coat 
ing provides a vulcanized attachment of the rubber that 
capable of withstanding the abuse of severe service. 

The finished damper is finally trimmed, buffed, an 
inspected 100% for adhesion and deflection before it 
ready to take its place as a vital part of a complicated 
modern mechanism without any further adjustment. Th 
is a first-class example of a vegetable product highly dev 
oped and built into a metallic assembly to function with 
dependable and dynamic precision. 

Upon the life and performance of the bonded rubber, 
torsional vibration damper depends the successful operati 
of the entire engine of which the damper is a part. & 
much depends upon this damper that it is wise to mak 
alterations in its construction with extreme caution. 

In view of the present stringency of natural rubber 
supply, it has been necessary to review every applicaty 
of rubber in industry in order to determine where syn 
thetics might suffice or excel. The bonded rubber damper 
is one case in which the art of making and _ handling 
synthetic rubber has not progressed to the stage that wou 
justify its full adoption. Much thought is being given this 
subject, and many experiments and tests are under way 

The properties peculiar to synthetic rubber may requi 
that design changes be made in order successfully to adap' 
the available synthetics for damper service. New modifica 
tions of synthetics or processing procedures may also avo! 
the adaptation. Either possibility involves time and con 
siderable research. The final success in adapting synthetx 
rubber to this critical and exacting use will be a prominent 
milestone in the progress of man-made rubber. 
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Supercharger Speed to Manifold Pressure 


by JOHN DOLZA 


Allison Division 
General Motors Corp. 


HE type of control to be described is used with engines 

having two engine-driven superchargers (Fig. 1); one 
being driven at constant ratio (2), and the other (1) being 
lriven through a fluid coupling of a variable degree of slip. 

Supercharger (1) will be called the auxiliary stage. 


# Fluid Coupling 


The fluid coupling used with this control consists of an 
nput shaft (Fig. 2) receiving power from the engine. 

lo the input shaft the impeller 7 of the coupling is 
connected. 

The rotor R is connected to the output shaft S, and by 
proper gearing to the supercharger impeller. 

Oil can be fed into the coupling by drilling one of the 
shafts and flowing through it an adequate amount of oil 
tor cooling and acceleration. 

To the impeller a shroud S is connected. 

The oil of the coupling can flow to the chambers C, C, 
of the shroud. 

Oil flows to the chamber C through clearance between 
he rotor and shroud. 

Oil flows to the chamber C, through holes at the outer 
periphery of the impeller. 

A scoop S, scrapes the oil out of the chamber C, and 
maintains the desired oil level. 

The oil passage in the scoop and the width of the scrap- 
ing edge of the scoop are both quite large in relation to the 


] 
Oll 


| being removed. (See lower right-hand view in Fig. 1.) 
lest results show the following relationship between the 
scoop scraping edge position and the per cent ‘slip: 

For a given airflow, slip depends upon the scoop posi 
tion; slip being maximum when oil level is minimum. 

2 For a given scoop position and airflow, slip is almost 
independent of: 
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HE control discussed here is used with engines 

having two engine-driven superchargers; one 
being driven at constant ratio; the other being 
driven through a fluid coupling at a variable 
degree of slip, and called the auxiliary stage. 


The auxiliary supercharger fluid coupling con- 
trol consists of: 


1. Engine power control. 
2. Auxiliary supercharger control. 


The engine power control maintains the se- 
lected manifold pressure by automatically oper- 
ating the carburetor throttle. The supercharger 
control is altitude responsive, operating the 
scoop of the hydraulic coupling. 


It is possible with this device to limit the mani- 
fold pressure below detonation independently 
from the pilot's selected pressure. By means of 
this device it is possible to control manifold pres- 
sure 2 in. of mercury below borderline detona- 
tion on engines without inter- or aftercooler. 


THE AUTHOR: JOHN DOLZA has been associated 


with several divisions of ‘General Motors Corp. since 1927 

first with Buick Motors as assistant chief engineer; then 
head of the Product Study Engine Division; and for the 
past five vears special assignment engineer with Allison 
Division. Mr. Dolza, who is a native of Italy, where h 
attended Px Ivtechn Institute, received the Manly Memorial 


Medal for 1942 for his paper on “Correlation of Ground 
and Altitude Performance of Oil System 
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m Fig. | — Relation of the control to other engine accessories 


1) Oil flow. 


2) Onl temperature and viscosity. 


3) Input rpm. 


> 


3. For a given scoop position, if airflow 1S increased, slip 
will increase, but only to a small extent. 

From the above it can be stated that: 

Scoop position defines a ratio between output speed and 
input speed (the coupling slip) and that by controlling the 
scoop position in the fluid coupling the drive ratio of the 
auxiliary supercharger can be controlled. 

How to select amount of oil flow through coupling: 

t. Oil flow should be large enough to prevent overheat 
ing of the oil. 

At maximum airflow through the supercharger the 
input power to the coupling hp; is almost a straight line 
theoretically starting at 0 power for: 1 % Slip o and 
having its maximum value at minimum slip (for examplk 
4% slip) or: 1 “o Slip = 0.96. 

The maximum value of hp; is 1.04 times the power re 
quired to drive the auxiliary stage impeller hpo max 


The output power hp, is approximately given by 
Hp Hp « x 1 Slip 


From the above equations and as illustrated in Fig. 3, the 
maximum heat developed by slipping hp, is at 50% slip 
and approximately equal to 


1x 


] 
Hp Hp 
t 
If outlet temperature must be limited to JT», the oil flow 
requirement Wy (lb per min) will be: 


Hp, 
, T 


a 82 


2. Oil flow should be large enough to produce fast 
enough acceleration of the fluid coupling and auxiliary 


stage supercharger. 


It V. (cu in.) is the coupling volume and d¢ (min) is 


the acceleration time desired, the oil flow required (lb per 


min) is: 





sa |\ 
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Cc 
—+ IMPELLER 
Oil OUT 





mn Fig. 2—Fluid coupling used with the control 


} 
W. 0.032 


Che oil flow must be the larger of the two value 


W 


= Operational Requirement (Ideal) 


I. The auxiliary stage speed should be equal or 
more than the speed required to produce the selected 1 
told pressure. 

II. The auxiliary stage speed shall increase with altit 
so as to maintain the selected manifold pressure. 

Ii. At war emergency power the maximum manit 
pressure obtainable shall be approximately 2 in. of mer 
below the borderline detonation of the engine. 


IV. Consequently, manifold pressure shall decreas 


matically as manifold temperature increases to the sa 
extent as the borderline detonation decreases with inx 
of manifold mixture temperature. 


V. Rate of response of the control should be adequat 
for combat operation. 


VI. Control should not be affected by oil temperat 
vibrations, and the like. 


VII. Control should be stable. 


VIII. Throttle should come almost to the wide-op 
position before the auxiliary stage speed is increas 
the minimum value. 


m Requirement | 


The pressure rise caused by two superchargers 
operating at Ro and ro angular speed is given by 


ye K , 1 K , ay 
where: 

w = Angular speed of engine 

R Fix supercharger ratio 

D Fix supercharger impeller diameter 

r = Variable ratio of auxiliary stage 

d = Auxiliary stage impeller diameter 

To Air temperature at inlet of auxiliary stag 
T Air temperature at inlet of second stage 
Po = Pregsure at auxiliary stage inlet 
Pm = Pressure from engine supercharger 
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quently, if desirable to obtain reasonably good 
ition of manifold pressure selections and manifold 
actually generated by the supercharging system, it 
ible to select simultaneously the engine rpm, mani 
ssure, and auxiliary stage supercharger r (scoop 
) for the highest T, (summer condition). 
in be obtained with the following types of auto 
ntrols: 
mngine automatic power control consisting Of: ti) 
tic manifold pressure regulator combined with (2) 
governor coordinator and optionally combined 
3) spark ‘advance coordinator and (4) carburetor 
® mixture strength coordinator. 
f If. Auxiliary supercharger fluid coupling control. 
; the engine automatic power control has been cov 
by previous SAE papers, and it is fairly well known 
ndustry, it will not be discussed here, except to the 
t of recalling the following: 
engine automatic power control consists of a main 
4 t operated manually by the pilot. 
the main lever is moved from engine idle to war 
" s emergency power, an increasing manifold pressure is se 
: % # lected, and at the same time correlated values of engine 
; , spark setting, and mixture strength are selected. 
modifier makes possible the use of two or more mani 
pressure, rpm, and mixture strength correlations, as 
ample, cruising and combat settings. 


1 


, the control permits one to set all the power vari- 


He 





POWER (tP) 
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ables of the engine simultaneously to the best correlated 
values, relieving the pilot of performing the various setting 
operations every time altitude changes or a different 


amount of power is required from the engine. 


The manifold pressure regulation of the automat 
power control is performed by throttling the engine to the 
selected pressure. As altitude increases, or the selected 
pressure becomes greater, the control opens the throttle up 
to the wide-open position. 


At this point no further increase of manifold pressure 
can be obtained, nor can a given manifold pressure be 
maintained as altitude increases unless the auxiliary stage 
supercharger speed is increased. 

From the foregoing it is required: 


I. For a given altitude condition the auxiliary stage 
supercharger ratio (or scoop position) should be set as a 
function of manifold pressure selection. 


Il. For a given manifold pressure selection the scoop 
position should be reset as the altitude increases so as to 
maintain the selected pressure or a pressure versus altitude 
curve as limited by the detonation characteristics of the 
engine. 


1. The general arrangement is shown in Fig. 4 and 
consists Ot: 


(1) Engine power control. 
(2) Auxiliary supercharger control. 


Both controls are mounted on the auxiliary stage hous- 
ing. Main lever R is linked to the pilot’s cockpit lever. 
The regulator is also linked to the carburetor throttle lever 
which it operates. The regulator is supplied with engine 
manifold pressure, auxiliary stage oil pressure, and oil drain 
through suitable piping. The regulator maintains the se- 
lected manifold pressure by automatically operating the 
carburetor throttle. The ‘position of the main lever R de- 
termines the selected manifold (or scroll) pressure. Main 
lever R, link /, and lever & determine the position of the 


slotted lever d by means of the roller on the end of the 
cam lever 6. See Fig. 5. 


The supercharger control is mounted below the engine 
power control. It is an altitude responsive control which 
operates the scoop-of the hydraulic coupling. It is supplied 
with carburetor air inlet pressure, auxiliary stage oil pres 
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a Fig. 5— Engine power control 


sure, and oil drain by means of suitable piping. This 
control is responsive to carburetor inlet pressure (altitude ) 
and to the position of the eccentric lever k’. The eccentric 
lever k’ is operated by means of the link dk and the slotted 
lever d on the manifold pressure regulator. Thus, the 
positioning of the scoop by the auxiliary stage control de- 
pends upon two things: first, carburetor inlet pressure 
(altitude); and second, position of the main lever R on 
the regulator (selected manifold pressure). See Fig. 6. 


The manifold pressure regulator can maintain a constant 
manifold (scroll) pressure only when the auxiliary super- 
charger speed is sufficient to allow some throttling. There- 
fore, the supercharger control is the deciding device as far 
as maximum manifold pressure is concerned. 

2. Supercharger control. 


By referring to Figs. 6 and 7 it can be seen that many 
of the internal parts are the same as in the manifold pres- 
sure regulator. However, the external linkage and the 
operation of the two controls are different. 


In general, the supercharger control consists of an oil 
pressure operated servo, with the piston linked directly to 
the coupling scoop, the position of which is determined 
by bellows pressure (atmospheric pressure plus the ram 
caused by the forward speed of the airplane) and manifold 
selected pressure. 

This is accomplished as follows: 

The piston rod of the piston is linked to the scoop, as 
shown in Figs. 4 and 6. 

The piston rod is also linked by /’ to the cam lever }’ 
which is rigidly attached to the shaft of the cam B’. Thus, 
as the piston P moves (Fig. 7), cam B’ rotates. 

The position of the pivot point HA is determined by 
pressure in the bellows F only. The pressure bellows F 
is connected by passages to the carburetor inlet pressure 
connection. 

The pressure oil is connected to a fitting marked “oil” 
communicating with the opening marked M in Fig. 7. 
From the passage M the oil flows through holes in the 
valve sleeve into the annular groove in the valve L. If the 
lands of the valve L are not centered over the ports N and 
O, as shown in Fig. 7, oil will flow into either one side or 
the other of the piston P. For example, if the valve is to 
the right of the centered position, oil will flow from the 








center section of the valve L through ports O to 1 

side of the piston P. Piston P will move to the left 

on the left side of the piston P will be expelled thre 

port N into the main body of the control, which 
opens to a passage marked “Drain.” The piston P is | inked 
to the cam B and, as the piston moves to the left, E 
rotates clockwise. Since the pivot point HA is fi 
suming constant pressure in the bellows F mome: 

the follower lever A must also rotate clockwise 
moves valve L to the left. Thus, as piston P mov 

left, valve L will move to the left until the port ¢ 

ered, at which point the piston P will stop. 

If valve L were to the left of the position shown in Fig, - 
pressure oil would flow through the port N to the left sid 
of the piston P (through passages not shown), and the 
piston, would move to the right until the cam B’ a: 
follower lever A had rotated sufficiently to make th 
L cover the port N. The lands on the valve L are « 
cover the ports N and O simultaneously, and it can lx 
seen from the above that the piston P will, th 
always assume a position which will make valve L cover 
the ports N and O. This position at which the 
covers the ports is called the “balanced position” 
valve, since at this position the valve is supplying 
neither side of the piston (with the exception of leal 
and the piston is stationary. Therefore, for a give: 
pressure in the bellows F a fixed position of the pistor 
is obtained when the control is in operation. 


A change in air pressure in the bellows F will result 
a momentary displacement of the valve L; this will result 
in a piston movement which will return the valve L 
balanced position. Suppose, for example; we go up si 
thousand feet in altitude. The air pressure in F will | 
lowered and the point HA will move to the right an 
attain a new position. Valve L will momentarily move t 
the right and let oil in the right side of the piston P. Pis 
ton P will move to the left, and in so doing will rotate the 
cam B’ and follower lever A clockwise until the valve | 
has moved to the left, enough to reach the balance point 
again and stabilize the position of the piston P in a ney 
position farther to the left than the former position. S 
the coupling scoop is attached to the piston P (Fig. 4 
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a Fig. 6—Supercharger control 
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a Fig. 8 — Variation 
of manifold pressure 
with altitude — gain 





~MANIFOLD PRESSURE REGULATOR 
MAXIMUM SETTING 


-AT STANDARD AIR —50° (WINTER) 


-——AT STANDARD AIR 








a 
of performance be- »5 
tween summer and a 
winter is about 5 in. « 
of mercury at sea 
level and II in. at S 
critical altitude 2] 
z| 
>! ——AT STANDARD AIR +50° (SUMMER) 
, —— MAXIMUM MANIFOLD PRESSURE USABLE IF ENGINE 
WAS CONTROLLED BY PRESSURE REGULATOR ONLY 
Z ADDITIONAL POWER MADE AVAILABLE BY COMBIN- 
ING PRESSURE AND TEMPERATURE REGULATION 
ie ALTITUDE =e aoe Ae 
“SUMMER BORDER LINE DETONATION 
(WINTER BORDER LINE DETONATION 
cS “———STANDARD AIR BORDER LINE DETONATION 
"2 
pulled outward and allows the coupling to fill partially. lever k’, the position of the scoop depends only on the 


[he relationship between altitude (or pressure) in the bel 

F and the piston, or coupling scoop, position depends 
nly on the shape of the cam B’ and the position of the 
ccentric lever k’. 

\n adjustable screw and locknut are provided in the 
pper end of the cam lever 6’. This screw is set at the 
factory to contact the eccentric lever k’ at a definite servo 

ston position and maximum manifold pressure selection. 
\fter this screw has “picked up” the eccentric lever k’, 
the position of the main lever R (determining selected 
manifold pressure) no longer has any effect on the position 
of the eccentric lever k’ because the lever d on the regu- 


Pic lator no longer bears against the roller on the cam lever } 
of the regulator. Thus, at high altitudes and high mani- 
7 fold pressure selections, when the servo piston has moved 


ame part way in, and the cam lever bd’ picks up the eccentric 



































= Fig. 7—Cross-section of supercharger control 
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carburetor inlet pressure. 


This permits one to limit the manifold pressure below 
detonation independently from the pilot’s selected pressure. 

The pressure inside the bellows F is balanced against a 
spring loaded evacuated bellows D (aneroid) with the 
same effective area as F. Thus, the position of point HA 
is affected only by pressures inside of the bellows F. 

In case of the failure of the oil supply to the control, 
spring X will push the piston P to the extreme right, which 
in turn forces the coupling scoop to the extreme inward 
position and decreases the speed of the auxiliary super 
charger to the minimum. 


As shown in Fig. 7, the shaft of the cam B’ is carried 
by an eccentric sleeve ec’. This sleeve is rigidly attached 
to a lever k’ (Fig. 6). Lever k’ is spring loaded in a 
counterclockwise sense and its position determined by the 
position of the lever d to which it is connected by the link 
dk. Lever d is on the manifold pressure regulator. The 
action is such that when higher manifold pressures are 
selected on the manifold pressure regulator, the eccentric 
lever k’ on the supercharger control is allowed to rotate 
counterclockwise under the action of its spring. Counter 
clockwise rotation of k’ moves the cam B’ to the left and 
the bellows lever 4 momentarily rotates counterclockwise. 
This moves the valve L to the right and allows oil pressure 
to cause the piston P to move to the left. The piston P 
moves left until the cam B has rotated sufficiently clock 
wise to allow L to return to its balanced position. Thus, 
movement of k’ counterclockwise results in a new position 
of P farther to the left, which in turn pulls the scoop 
farther out and gives the higher auxiliary supercharger 
epeed required for higher selected manifold pressures. 


= Controlled Manifold Pressure 


Requirements III and IV controlling manifold pressure 
2 in. of mercury below the borderline detonation on en 
gines without inter- or aftercooler is obtained by: 

1. Setting maximum manifold pressure at manifold pres 
sure regulator 2 in. of mercury below borderline detonation 
for winter air. This pressure setting will be called P,,. 
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2. Correlating the auxiliary stage control so as to produce 
a manifold pressure 2 in. of mercury below borderline 
detonation for a hot summer day. This pressure will be 


called P,. 
P rs 5 in. of mercury (approximate at sea level 


3. Shaping the cam so that the hot summer manifold 
pressure will decrease with altitude because of the increas 
ing manifold temperature with altitude. The summer 
manifold pressure at critical altitude will be called P... 

Py P 11 in. of mercury (approximate 

4. Because the pressure ratio caused by superchargers 

in series is approximately: 


(5) 


am —z 
as the outside air temperature decreases below the summer 
condition, T, and Ty decrease, and the pressure rise Ap = 
Pn Po increases. This will permit the manifold pressure 
to reach P,, when outside air temperature is sufficiently 
low. 

It happens that this change of pressure, as outside tem 
perature decreases, is somewhat less than the increase of 
borderline detonation pressure; consequently, this method 
of varying manifold pressure with outside air temperature 


can be safely used to boost performance as thx 
temperature permits. 

The gain of performance between summer and 
is approximately 5 in. of mercury at sea level and 1 
mercury at the critical altitude. (Fig. 8) 


m Remarks 


A. This type of control is very sensitive to angular 
of engine (engine rpm). 

Consequently, the maximum rpm setting of the pr 
governor must be accurate, and under any circums! 
it should not exceed -++-30 rpm. Excessive speed car 
duce overboost past borderline detonation. Short du 
overspeeding (20-30 sec) is not harmful since th 
iliary stage fluid coupling does not fill fast enough 
speed the supercharger and overboost the engine. 

B. Since the control operates from altitude pressur 
manifold pressure selection, errors on bellows rate, 
and so on are amplified by the compression ratio of 
supercharging system. 

Consequently, the auxiliary stage control must 
curately built. 

The high-speed thermoservos, only now availabl 
another method of controlling borderline detonati 
which the engine rpm does not affect the final 


pressu re. 





Making the Cockpit Practical 


continued from page 440 


should be easily accessible to both pilots, as well as all other 
controls that spacing will possibly permit. Controls requir- 
ing setting in a number of fixed positions, such as mixture 
controls, should be notched so that they may be properly 
set without the necessity of looking at a fixed scale. 

Switches, rheostats, and the like, for controlling lighting, 
anti-icer pumps, pitot heaters, and the multitude of other 
devices in a transport airplane should be located in groups 
of not more than five, and preferably overhead but within 
easy reach of both pilots. With such an arrangement and 
proper spacing between groups, it should be possible to 
locate instantly and accurately the desired control with a 
mere glance of the eyes away from the instrument panel, 
and with a minimum of turning of the head. This can be 
done in complete darkness if there is a spot of luminous 
paint on each switch. 


Present radio equipment and controls are probably 
already so obsolete that discussion of them is superfluous. 
All radio frequency dials should be indirectly lighted with 
rheostat control, and all frequency shifting of both trans- 
mitters and receivers, except for enroute navigation, should 
be of some form of quick switch movement or push-button 
typ:. Sensitivity controls must be located so as to provide 


for a minimum movement of the hands from the control 
column. 


1See American dviation, Vol. 8, Aug. 1, 1944, pp. 66, 68. 
“How about Designing Better Cockpits?” by F. A. Spencer 


Fuse panels, hydraulic devices, auxiliary powe 
heating systems, and so on, which may require att 
during flight, should be located so as to be eas 
quickly accessible from the control room. If this i 
even large airplanes will probably not require mor 
two-man flight crews for domestic operation, at least 
the usual initial deficiencies of a new model airplan 
been overcome. It should not be necessary to menti: 
an automatic pilot is a prime safety device in any airp! 
of the size of the DC-3 or larger, except in extremely 
haul operations. 

It is recognized that many of the features discuss 
this paper which may seem relatively easy of atta 
actually are complicated problems requiring much 
and research, but solution of them will bring rich divide 


in the safety and dependability of scheduled air transport 


tion. When airplanes are designed so that the pilot 
function just as well under any conditions as he nov 
on a clear, autumn afternoon and the problems o! 
landings and icing have been overcome, turbulence 
the only factor remaining to prevent air transpor 
from becoming not only the fastest, but also the sa! 
most reliable form of transportation the world h 
known. 

The writer wishes to call attention to a recent ex: 


paper’ on this same subject by F. A. Spencer, an A: 
Airlines pilot. 
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HE use of silver bearings in aircraft type of engines has 

shown a marked increase in the past few years. Im- 
petus to their use was given by the armed services, which 
found, after exhaustive tests, that silver as a bearing ma- 
terial greatly increased bearing service life. In the de- 
velopment of this type of bearing the Research Laboratories 
Division played an tmportant part. 

The use of silver as a bearing material is not new. It 
was first used in France 20 years ago when Anzani in- 
stalled bearings lined with both gold and silver in experi- 
mental engines. The results of his experiment are not 
known, but it is evident that gold and silver were dis- 
carded in favor of more economical materials. Today, his- 
tory has reversed itself. In high-output engines silver in 
bearings is replacing other materials, and without any par- 
ticular design changes. 

In the late Twenties, the Research Laboratories Division 
became interested in bearing materials, and a program was 
instituted to study bearing materials for various applica- 
tions. Silver was included in the study, and was found to 
be highly effective. The development of the centrifugal- 
type bearing test machine during this program made it 
possible to study the fatigue, conformability, embeddability, 
and antiscore characteristics of bearing materials. See 
Figs. 1 and 2. 

It is the purpose of this paper to outline the part the 
Research Laboratories Division played in the development 
of the silver bearings. Also described are some of the 
salient factors affecting the process and performance of 
silver bearings as related to present-day applications. 


@ First Tests 


The results of one of the first studies on silver are shown 
in Fig. 3. Under test conditions these bearings were satis- 
factory in fatigue, but were relatively poor in conform- 
ability, embeddability, and antiscore properties. To im- 
prove these latter characteristics, a steel shell was cast with 
silver and then machined to a silver thickness of 0.060 in. 
These bearings were installed as end bearings on the cen- 
trifugal bearing test machine, which installation calls for 
iclatively low capacity based on pounds per square inch 
ot projected area (Fig. 4). However, due to the character 
ot the machine, requirements for conformability, em- 
seddability, and antiscore properties are high. The bear- 
ing shown in Fig. 4 represents an improvement in life of 
‘to 10 times over previous materials used. 


_ (This paper was presented at a meeting of the Detroit Section of the 
AE. Detroit, May 7, 1945.] 
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These tests showed that the factors affecting the life of 
silver bearings in this application were: 

1. The material used as bearing metal must be relatively 
soft for embeddability. 

2. The silver layer must be thicker than an ordinary 
babbitt layer for conformability. 

Because of higher strength and the inherently high fac- 
tor of cold-work hardenability of silver, it is common prac- 
tice to specify 0.018 to 0.028 in. thickness, 45 Vickers, 75 


Rockwell 15W maximum, or a Meyer ultimate hardness 
No. 46.7. 


= Faults of Early Silver Bearings 


Cast Silver- The efforts of the Research Laboratories 
Division to determine the ultimate capacity of cast-silver 
bearings were unsuccessful. This was due to the con- 
sistently low antifriction characteristics displayed by the 
silver at high loads and speeds. It was found that this type 
of silver bearing picked up as much as 1.50% iron when 
cast, which it was both difficult to prevent and to remove. 
As this result was unsatisfactory attention was then turned 
tc electroplated silver and thermally bonded silver-stec! 
strips, both of which could be produced at high purity. 

Electrodeposited Silver - When steel bearing shells were 
first silver plated (Allison Division), the bond between the 
silver and steel was effected by the method of first plating 
the inside diameter of the shell with copper. Silver was 
than deposited on the copper and the piece heat-treated. 
This method partially annealed the silver and provided a 
strong bond at the silver-copper-steel interface. However, 
che production of bearings in this manner gave consider- 
able variation in fatigue life This bonding process was 
improved by discontinuing the use of copper and using 
nickel as the bonding agent. See Fig. 5. 

Present production processing of electrodeposited silver 
on bearing shells has been greatly improved at both Alli- 
son and AC Spark Plug Divisions. Thicknesses of silver 
ranging ‘from 0.035 to 0.040 in. can now be deposited on 






















almost any size bearing shell in approximately 
Normal rejections average about 6% with black light ang 
X-ray inspection when 100% edge-chipped. Thousands of 
pounds of silver have been processed into bearings ir 
manner for aircraft engines. 

Thermally Bonded Silver — During the early studies and 
experiments, the facilities for electrodepositing silver on 
varisized steel bearing shel!s were severely limited. B 
cause of this limitation, the possibility of using silver 
steel strip was considered, as this could be purchased 
several sources. 

Processing silver-clad steel strip involves bonding a stee| 
strip and a silver strip together under temperatur< 
pressure, and cold rolling the composite strip to size. Se 
Fig. 6. One of the first difficulties encountered with th 
material was that silver processed in this manner wa 
always oxygen-free. The second difficulty was that 



















a Fig. | (above) - — 
Research Labora- 
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a Fig. Z (right) - 
Diagrammatic views 
of action of shaft on 
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der two conditions 
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a Fig. 3 (below) - 
First silver and sil- 
ver-plated bearings | 
tested in bearing 

test machine phonies -deaicaadtaibiaip 


simple methods were then available to determine the 
cxygen content of the silver. 
During the processing of silver-clad steel strip, and also 
the processing of bearings, several stress relief anneals are 
required. Since silver readily absorbs oxygen at tempera- 
tures over 750 F, and since annealing in air at high tem- 
peratures also partially affects the bond, it was found de- 
sirable to anneal in hydrogen-rich atmosphere. Nitrogen 
was found difficult to handle as the silver will absorb 

ae ee ie yas oxygen from the contained water vapor. 
oe : ae In producing a quantity of bearings it is preferable to 
TEST 027 heat-treat them in a hydrogen-rich atmosphere throughout 
the entire process, for example, from the processing of the 
strip to the finished bearing. Experimentally, a small num 
ber of bearings can be annealed in a salt bath with good 
results. Before bonding the silver to the steel, however, 
the silver must be oxygen-free, and kept free from oxygen 
when heat-treating at temperatures above 750 F. If this 
is not done the silver becomes brittle in the presence of 
hydrogen under subsequent heats. This condition is indi- 
ED BEARINGS cated by a hairpin type of bend on the silver-stee] strip 

i ion lla with the silver on the tension side. 

“TEST 1086 The degree of oxygen peaetration in silver strip can be 
" shown in a more or less quantitative manner. First, ma 
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» Fig. 4—Cast-silver bearings: 436 hr at 750-psi projected area 


chine the silver down to the bond line in steps of two or 
three thousandths. Then heat the strip in hydrogen-rich 
atmosphere at 1500 F for 30 min, and then cool in the 
The oxygen-free portions will be bright while 


furnace. 





# Fig. 5-Silver-plated bearings showing method of checking bond 


the oxygen penetration is indicated by a dull appear- 
ance (Fig. 7). 

Almost any type of bearing may be made with silver- 
clad steel strip or plate (Figs. 8-13). The processing of 
bearings from this material and in this manner provides an 
inspection method that cannot be obtained in any other 
way. The only alternatives are, either a complete destruc- 
tion test or by indenting the bearing metal. This latter 
method is described in the next section. Fig. 14 is an ex- 
ample of silver-clad steel strip that proved unsatisfactory 
on bond as it was automatically tested during fabrication. 
It has been found that the regular tooling used in the pro- 
duction of automotive type of babbitt bearings is suitable 
for processing this type of material. And since silver-clad 
steel bearings will withstand temperatures up to 1740 F 
it is possible to heat-treat the steel backs for greater hard- 
ness and strength. It is also possible to process silver bear- 
ings with stainless steel, brass, or bronze backings. This 
type of bearings will provide a lower linear expansion dif- 
lerential for aluminum crankcases at far less cost than 
present bearing installations, because thin-wall bearings 
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can be used. These silver bearings can also be fabricated 
on machine tools similar to those used to produce aut 
motive type of babbitt bearings (Fig. 15). 


= Improvements in Running Characteristics 


Earlier practices of electroplating a thin overlay of lead, 
limited the amount of dirt that could be embedded in th 
overlay. During the run-in period and also in service, 
abrasion or erosion is severe enough to wear away th 
thin overlay rapidly. When this condition occurs the sil 
ver is exposed to incipient seizure due to its inherently low 
embeddability. However, if small, lead-filled indentations 
are applied to the bearing surface the bearing becomes 
more receptive to embeddability. Fig. 16 shows the bea: 
ing when the excess surface lead and silver are finish-ma 
chined to specified bearing wall thickness. The result is 
a bearing surface high in embeddability. Since dirt is 
probably the greatest single source of bearing difficulties, 
this grid-surface type of silver bearing is a considerable im- 
provement over other types (Fig. 17). Dirt, of ocurse, 
includes the kind left in an engine at manufacture and 
the kind picked up in service. 

Furthermore, indentation of the silver bearing surface 
provides a visual check on the bond. Such a check is a 





a Fig. 6—Silver-clad strip thermally bonded and cold rolled to size 


valuable asset with the silver-plated type of bearing. There 
appears to be no other way to determine the character of 
the bond at the center of a bearing; and, according to the 





a Fig. 7 — Test for oxygen content ~ bend test and step test 
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= Fig. 9— Bearings drawn from silver-clad strip and plate 


hydrodynamic oil film theory, it is at the center that the 
unit pressure is maximum (Fig. 18). 

It is obvious that embossing the bearing surface so that 
approximately 50% of the silver surface area is replaced 
by a lead alloy of much lower capacity than the silver, also 
lowers the overall capacity of the bearing. However, as 
shown by test (Figs. 17 and 19) the capacity is not re- 
duced in proportion; and when the indentations are as 
small as practical, life of this type of bearing in service is 
usually greater than a plain silver surface with lead overlay. 





= Fig. 10 — Bearings drawn from silver-clad strip and plate 





a Fig. || —Bearings formed from silver-clad strip and heat-treated 
steel backing 


A further increase in capacity and fatigue life can lx 
had by only partially filling the indentations (Fig. 20) 
Fig. 21 is a photograph of an electrographic spot test on 
the bearing shown in Fig. 20. Note the dirt which has 
collected in the indentations. The increase in capacity is 
chiefly due to the increase in conformability and em 
beddability. 

Fig. 22 shows a test engine connecting-rod bearing 
which has completed 4000 hr at approximate maximum 
load of 1100 psi, and 1000 hr at approximate maxi 
mum load of 2100 psi. Both tests were run at 2700 rpm. 
These results are contrasted with 70 to 100 hr for babbitt 
and 600-700 hr for cadmium-silver, both under the same 
conditions as described above. The exceptionally fine con 
dition of the silver bearing surface is partially due to the 
high degree of filtering used in the engine tests. 


m Performance Characteristics 


Figs. 23-26 show the relative functional performance 
characteristics of silver, fatigue, score resistance, em 
beddability, and corrosion resistance, as compared to other 
materials. Since at least two of the characteristics are 





= Fig. 13-Pinion gear bushings drawn from double-clad silver 
strip 
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a Fig. 14-—Visual bond test on bearings drawn from silver clad 
strip 





a Fig. 15-—Brass- and bronze-backed silver bearings processed 
from clad strip 


dificult to determine, the values shown in the charts for 
each material are not necessarily a quantitative measure 
of their characteristics. It is only fair to state that these 
values have been obtained through years of observation 
and study on the performance of each material. They 
refer particularly to the thin-wall automotive connecting- 
rod type of bearing. On this type over 4000 tests have 
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= Fig. 16— Bearing sections showing indenting detail 
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m Fig. 17—Plain silver with lead coating at left; indented silver 
bearing at right. Both bearings have run same length of time 
under same conditions 


been completed on bearing test machines. 


m= Fatigue 


On the basis ot copper-lead as 1.0, note the advantage 
in the use of silver on fatigue resistance. Observe in pal 
ticular that reference is to fatigue life, not bearing lite 
Note also that the silver and copper grid types have been 
qualified to some extent, due to loss of lead from the grids 
However, the loss of lead does not appear to affect ap 
preciably the petformance of this type of bearing, but it 
seems reasonable to belic ve that there is some loss of 
fatigue value. A surprising fact is that tin-base babbitt 
shows a lower fatigue resistance than lead-base babbitt 


Under the temperature conditions at which we fatigue test 


bearings, we believe this to be a representative comparison 
In regard to the fatigue value of the aluminum alloy, 
much depends on securing a good bond between this alloy 
and the steel backing. 


Since all factors affecting th« 
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a Fig. 18~ Visual bond test when bearings are indented 
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a Fig. 19-— Greater fatigue life with finer indentations under same 
conditions: bearing at right has run four times longer than bearing 
at left 





= Fig. 20-Indented silver bearing with indentations partially filled 
with lead alloy: 100 hr at 1800 psi 


fatigue life of this composite material are not yet known, 
it has been represented in the charts by a broken line. The 
value for copper-lead should be considered as an average, 
in as much as a variation in fatigue life of 50% to 150‘ 
can be expected from this type of cast metal. 
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a Fig. 2! — Electrolytic spot test on bearing of Fig. 20. Black spots 
are dirt (steel, bronze, and copper) imbedded in bearing 
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u Fig. 22 —48 per in. indented silver bearing after 4000 hr at | 100 
psi and 1000 hr at 2100 psi 


™@ Score Resistance and Embeddability 


Service requirements indicate that score resistance de 
pends on the mechanical conditions to which the bearing 
is subjected, as well as on conformability and embedda 
bility characteristics. These factors were not taken into 
consideration in preparing Fig. 24 on pure score r 
sistance. Note that with copper-lead as 1.0, basic know] 
edge of the antiscore property of a bearing material is 
limited to twice this figure, or 2.0. Also note that since 
pure copper has a lower antiscore value than pure silver, 
the copper grid is given a value of 1.5 against 2.0 for the 
silver grid. 

This is a bearing characteristic that is difficult to evalu 
ate quantitatively. A few tests have been devised to show 
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the ability of a bearing to embed different kinds of dirt 
in various proportions. In testing bearings the many in- 
dependent variables are hard to control. Except for the 
grid type of bearings the embeddability for each ma 
terial has generally been indicated according to hardness. 


= Corrosion Resistance 


Any attempt to chart values on corrosion of bearing 
‘materials, also has to include the many and varied condi- 
tions under which the damage occurs. Incidentally, it is 
possible to prepare solutions which will show selective or 
total corrosion on almost any known metal substance. Re- 
sistance to corrosive attack is restricted in this report to 
the acidity developed by the oxidation of highly refined 
mineral oil under normal operating conditions. The 
broken line in the reference to cadmium-silver (Fig. 26) 
represents the effective resistance of this material when 
properly alloyed with indium. 


= Functional Relationship of Materials 


Fig. 27 is intended to show the relationship of the four 
main functional properties of eight bearing materials. 
Note the high fatigue resistance of silver, and the improve- 
ment in silver when it is grided. Also note that babbitt 
types excel in all properties except fatigue resistance. 


® Conclusions 


The use of silver as a bearing material has shown excel- 
lent capacity and fatigue resistance. When properly pre- 
pared and bonded to the bearing backing its resistance to 
tatigue is greater than that of any other known metal. 
Factors which affect the performance of silver bearings, 


and which are described in this paper, are summarized as 
follows: 
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1. Purity and hardness: The silver should be as pure 
as possible. For overall applications it should not exceed 
a hardness of 45 Vickers, 15 Kg, or a Meyer ultimate hard 
ness number of 46.7. 


2. Bonding: For resistance to fatigue there must be « 
good bond between the silver and the bearing backing. In 
present-day practices both the electrodeposited type and 


the thermally bonded type have been found to produce 
satisfactory results. 


3. Heat-treatment: It is preferable to heat-treat silver 
bearings in a hydrogen-rich atmosphere. Continued heat- 
ing in air has shown a detrimental effect on the bond, due 
to the oxygen penetration of the silver. Silver must also 
be oxygen-free to be heated in hydrogen-rich atmosphere. 
To determine the extent of oxygen penetration a simple 
test has been developed which is described in this paper. 

4. Silver-steel strip: Using thermally bonded and 
rolled type of silver strip: 

(a) The silver-steel bond is automatically tested in the 
bearing manufacturing process. 

(b) After circle forming the steel backs can be heat- 
treated for greater strength. 

(c) Bearings for aluminum crankcases can be made 
with stainless steel or bronze backings, which give lower 
thermal expansion differentials. Thin-wall bearings may 
then be used, which can be produced at lower costs be- 
cause automotive type of tooling can be effectively utilized. 

5. Indenting: 

(a) By indenting the bearing surface a final visual 
check on the bond between the silver and the backing 
metal can be obtained. 

(b) By surface indenting and then filling, or partially 
filling the indentations with lead alloy, the performance of 
silver bearings can be greatly improved. 

(c) By using the smallest practical indentations im- 


proved fatigue resistance and bearing performance can be 
obtained. 
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SYMPOSIUM REVEALS WHA 


by BERT PIERCE © 


New York Times 


HE general character of responses indicated that the 

motorists had given deep consideration to the subjects. 
There was a note of finality in 99% of the replies that 
showed the writers were sincere in the belief that. their 
offerings would make for a better car. While there was 
little or no information presented as to how or when the 
projects urged could become reality there was a theme of 
abiding faith in the ingenuity and ability of engineers to 
accomplish the objectives as contributions to post-war trans- 
portation. 

Aside from any technical problems which may arise 
there is no doubt that the portion of the motoring public 
that gave its views to the New York Times knows what it 
wants and also the features that are regarded as objection- 
able. It would seem that the suppositions of the layman 
as to the process of production are of small value but the 
ideas on the results sought may prove of great value to the 
designer. From correlation of the letters there arose an 
ever increasing belief that many of the suggestions were 
founded upon years of experience in driving. Furthermore, 
the impression was conveyed that the American motorist 
has a well defined disdain for gee-gaws and gadgets, while 
firm in the hope that the money expended on these will be 
transferred to the improvement of useful appliances. 

Vision led in the minds of the readers who wrote to the 
New York Times. Only a small percentage was satisfied 
with present construction as applied to eye scope. Most of 
the others stressed the belief that vision was insufficient to 
meet the requirements of safety and many were emphatic 
in stating what they believed were the shortcomings of 
such conditions. The subject of vision was presented in 
subdivisions in the general query: 

Is there enough clear vision to drive safely? The con- 
sensus was decidedly in the negative. The reasons were 
that the corner posts obstructed vision; the hood was too 
high to allow the driver to see a sufficient length of the 
road in front, and the pilot’s seat was too low, all of which 
were inimical to safety. 


Should windshields, side windows, and rear windows be 


made larger? There was an almost universal “yes” on 
this subject. Abolishing of slanting windshields was urged 
while a variety of reasons was presented why the rear 
windows should be made larger and brought to a more 
perpendicular position. The principal objections were to 
permit a larger, clearer and extensive view of the rear and 
end the perils incurred by failure of rain and snow to drain, 
thereby clouding the glass. Outside mirrors are also ob- 
scured for the same reason. The side windows should be 
extended downward. 

Should the driver’s position be farther forward or rear- 
ward? Most answers indicated that the driver should sit 
higher and farther forward. In connection with all of 
these suggestions there were beliefs expressed that if 

Continued on page 509 
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In Passenge 





NOVEL approach to the motorists’ points of 
A view on the post-war automobile was made 
by the SAE Passenger-Car Body Meetings Com- 
mittee when four newspaper automobile editors 
were asked to collate their readers’ desires and 
expectations. 


Chairman R. |. Schonitzer of the Committee 
presented the four editors at one of the most 
successful sessions of the 1945 War Engineering- 
Annual Meeting in Detroit. This symposium dis- 
closed that: 


The American motoring public has great faith 
in design prowess of automobile engineers; 

Gadget engineering has been largely dis- 
counted, and many motorists believe that equal 
attention to improving functional components 
would serve them better, and 


























by HERBERT D. WILSON 


Chicago Herald-American 


LTHOUGH Chicago motorists agreed in general that 

current automobiles are satisfactory, the survey mac 
by the Chicago Herald-American showed a marked interest 
in better vision, improved ventilation, and better riding 
comfort. Most of the readers who replied to the question 
naire were satisfied with the present degree of softness of 
upholstery, but there was near-unanimous agreement that 
seats should have up-and-down and fore-and-aft adjust 
ments; that the front seat should be wide enough for three 
including the driver, and the desire for radios and heaters 
in cars was general. 

According to these surveys, it seemed evident that the 
present 1942 size is, by far, the favorite, getting 6270 ol 
the votes, with an almost even division between larger anc 
roomier bodies at 15%, and more close-coupled bodies at 
17%. Under the classification of women there seems to 
be more of them who wish a close-coupled car, permitting 
easier parking, 48% in favor of the 1942 types, 25°" 
favor of more close-coupling, and 25% in favor of larger 
and roomier bodies. 

Answers to the question as to preferences of body types, 
the percentage ran in this order: four-door sedan at 49° 
five-passenger coupe at 17%, and two-door sedan at 14% 
Here again the women differ considerably from the gen 
eral average, indicating a preference for the four-door 
sedan at 34%, in second place the five-passenger coupe 
at 19%, and making the convertible coupe a third at 17'°. 

Continued on page 508 
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Safety features — including greater visibility — 
impress the motorist. 


As might have been expected, some prospec- 
tive buyers of the post-war poate wrote 
rather: detailed specifications of improvements 
they desired, but cautioned against raising the 
price. Few who wanted air cooling of cars for 
summer driving realized that refrigeration equip- 
ment of this type would be costly, suggesting 
that "only a nominal increase would meet with 
favor." 


The editors, on the other hand, realized that 
some of the desires they reported were in the 
realm of the unpractical. But the ideas were 
offered with the hope that passenger-car and ac- 
cessory engineers of the industry might find some 
value in them. 








by GORDON HEBERT 


New Orleans Times-Picayune 
and New Orleans States 


hag design appeared to be the most important fea- 
ture of the automobile of the future, according to our 
survey. Rakish appearance can be overdone, but it would 
be difficult to do so. The public wants streamlined ap- 
pearance, even at the sacrifice of other features, such as 
comfort and convenience. Pride of ownership, particularly 
in'an automobile of striking appearance, is a definite fea- 
ture to be reckoned with. Modernization, streamlining and 
torpedo styling are definitely in the public mind as the 
number one requirement for the car body of the future, 
our readers disclosed. 

\ great deal of attention should be given to color. In 
recent years the public has approved striking color combi- 
nations. The preference is likely to be more emphasized 
in the future. Generous use of chromium plating, strip- 
ing and the use of colored plastics on the dash and mold- 
ings, was suggested by the majority of our readers. 

Combining of colored accessories with a beautifully de- 
signed and colored body will offer some aggressive manu- 
tacturers definite selling advantages over those who are 
reluctant to give attention to these details. By this, I mean 
blending of seat covers, colored ornamentations, upholstery, 
headlining, and so forth. 

Factors affording maximum comfort for car occupants 
are difficult to catalog, due to the variance in require- 


ments. It is well known that deeply upholstered, half- 
Continued on page 507 
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by JOHN D. BURKE 


San Francisco Examiner 


EARLY 5000 answers to our questionnaires were re 

ceived, and returns were broken down geographically 
into two major areas; that is, the five counties comprising 
the San Francisco-Oakland Metropolitan district, and the 
remainder of northern California, preponderantly rural. 
Tabulation disclosed that the returns were received by us 
in a ratio substantially in proportion to the division of 
population between these two geographical units. 

Twenty-six makes of cars were represented by the sur 
vey, and 86° of the cars driven by those answering the 
questionnaire were 1937 or later. 

The lists were made up of farmers, bankers, school 
teachers, architects, lawyers, retail merchants,’ professors, 
advertising executives, manufacturing executives, doctors, 
stenographers, and clerks. Both men and women were 
included in the survey. We were much impressed by the 
eager interest with which the survey was received by 
people of all occupations, trades, and professions. This in 
terest was evidenced by an unusually large ratio of returns, 
and by the deep seriousness of the replies. Heads of large 
companies and presidents of colleges were as ready to give 
their time and thought, and to send in their opinions, as 
were the garage mechanics, the salesmen, and the house- 
wives. 

Results of the survey may be given an added interest by 
the fact that the Pacific Coast region, and California in 
particular, constitutes the nation’s greatest natural auto- 
motive proving ground. Every extreme of terrain and 
climate exists in that area. Furthermore, distances are 
great and automobiles are used for long trips to a far 
greater extent than in other areas. Most Californians con- 
sider an automobile as necessary as a place to live, and 
California is first among all the states of the Union in the 
number of passenger automobiles registered. 

First, recipients of the questionnaire were asked to state 
whether bodies should be made larger and roomier, re- 
quiring longer wheelbase, or more close-coupled, permit 
ting easier parking. 

The returns showed that 34% of our readers wanted 
larger, roomier bodies with men and women answering in 
exactly the same proportion, yet 43% wanted cars more 
close-coupled for easier parking. Women voted on this 
with 47%, while with men it was 41.9%. No change was 
asked for by 8.2% and 14.4% gave no answer to this ques- 
tion. The proportion of women who asked for shorter 
cars ran higher in the cities than in rural communities - 
47% versus 38%. 

The four-door sedan was most greatly desired, it was 
shown when 43.3% wished for this model. However, 
46.7% of the men showed this preference agai:ist only 
32.2% of the fair sex. Five-passenger coupes ran a close 
second with the ladies, only slightly behind the four-door 
sedan, with 29.6% expressing this desire. Men and women 
combined, 25.6% preferred this model. 
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Likewise, regular coupes and convertible coupes are 
much more popular with women than with men. Men’s 
preferences ran to sedans, 55'2% preferring either the 
four-door or two-door type of body. Station wagons are 
sixth on the list, with both sexes, but ran slightly stronger 
in rural areas. 

Three out of five, or 62.2% wanted no change in re- 
spect to comfort. Thirty-one per cent wanted softer 
cushions, with more men seeking this comfort than women. 
The questions posed were “softer,” “harder,” or “no 
change in seat cushions.” 

Answers to the question on up-and-down and fore-and- 
aft seat adjustments disclosed that 62.9% wanted seats 
adjustable in both planes. With women, because of their 
shorter average stature, it was almost 7 out of 10. Three 
out of four wanted front seats wide enough for three pas 
sengers. Many of the most constructive ideas received 
during this extended sampling of opinion were found in 
the “write-ins” at the end of the questionnaire form. For 
example: seats convertible into beds were widely endorsed, 
especially by teachers who are interested in economy vaca 
tions, such as hunting and fishing, which have thousands 
of adherents among Californians. Other popular recom- 
mendations included a sliding roof panel which com- 
pletely exposes the front seat; headlights that turn with 
front wheels so as to shine on — rather than off — the road 
on turns; complaints about the hump in floors; and a re- 
quest for greater road clearance, particularly from the 
farmers and sportsmen who depart from the concrete high- 
ways. Front-seat arm rests to the right of the driver were 
wanted, and several doctors recommended straighter, 
posture-like seats for the driver, to relieve strain on long 
trips. 

Bumpers all around would be popular — some suggesting 
hard rubber. Ashtrays with chutes for disposal; a table 
which disappears in back of the front seat; a light over the 
front seat as well as the rear; increased readability of the 
instrument board; a ceiling hook between seats to hold 
coat hangers, particularly for long, hot trips; and rein- 
forced driver's seat so it won’t sag or wear out sooner than 
other seats, were ideas which had many advocates. 


“Would summer cooling be worth the added cost of a 
refrigerating unit?” was another question. With 62.1%, 
summer cooling would not be worth the added cost. 
Women were more favorable toward such refrigeration 
than men, since two out of five expressed themselves as 
willing to pay for it. 

The San Francisco Bay Area, which has the tempering 
effect of the fog, and where it is therefore much cooler 
than the interior in summer, is not the market for cooling 
units; for in the San Francisco-Oakland Metropolitan dis- 
trict, only 30% cast their votes for cooling units, whereas 
the figure for the remainder of the state is 44%. 

There was no doubt of the desire for improved venti- 
lating systems. More than four out of five asked for it 
and only 7.6% were satisfied with the present system. The 
rest didn’t answer. The general criticism was that back- 
seat passengers, and those on the side opposite open venti- 
lators, are subjected to uncomfortable drafts. 

“Should more head room be sacrificed for the sake of 
lower, more rakish roofs?” was another question. To this, 
83.6% did not want to sacrifice headroom for appearance, 
and among city folks, this rose to 90%. “Should door- 
entrance height be raised to give more head room upon 








entering car, even if it necessitated a higher roof, 
lowered, with less head room, making possible a lowe, 
top?” This question was somewhat related to the preced. 
ing one. Actually one-third of the people surveyed, and 
4370 of those who gave an answer to this specific question 
asked for higher roofs, or 44% in the case of men and 
33% with women. Among the suggestions included in 
the “write-in” answers to this were: hand brakes that wil] 
hold when parking on hills such as those in San Francisco; 
windshield wipers which won’t slow up when climbing 4 
hill; wipers on the rear window as well as on the wind 
shield; and a red reflector on either side of the car which 
would warn oncoming motorists that a car is crossing the 
road. 

Uniform height of bumpers was stressed. There is much 
criticism of the sun shade as being inefficient and fragile. 
Many asked that all doors be hinged from the front with 
three hinges instead of two. Polarized windshields wer 
mentioned by many. 

The big majority, or about 78%, wanted no change in 
the size of the luggage compartment. Many complained 
however, regarding the necessity of -unloading the lug 
gage compartment to get at spare tires. 

In the overall picture of preferred colors, “light gray” 
ranked first, “black” was second, and “dark blue” third. 
In the rural areas, however, “black” took first place, which 
was rather surprising. First choice of men was “light 
gray” and of women, “black.” Second choice showed 
that men preferred “black,” women, “light gray,” and 
third, “dark blue” for both sexes. 


About 72% wanted larger windows and windshields for 
better vision, the fairer sex being more conscious of this 
need when 76% advocated the change. “Write-in” 
answers, incidentally, revealed that safety considerations 
stood out as the major factor of concern among Pacific 
Coast motorists. Recommendations on which great 
emphasis was placed were: a window at driver's left 
which raises and lowers automatically for hand signals. 
Numerous accidents are caused by the very act of devot- 
ing the left hand to this operation and then using the left 
arm for the signals required by California law; it is often 
impossible to lower the window in time to give the signal 
for a sudden stop. Drivers don’t want to leave the win- 
dow open on stormy, windy or cold days. There was an 
insistence upon door locks which make it impossible for 
children to open rear doors accidentally or otherwise. Re- 
cessed door handles and window cranks to reduce danger 
to passengers and their clothes were asked for, and greater 
vision for the driver, both fore and aft, was also urged. 
Many recommended reduction in the size of the hood for 
utility and safety instead of appearance. Engines in the 
rear found many adherents, primarily to gain better vision 
for the driver. Many commented on the complete lack ot 
vision upon reaching the crest of a hill. 

Considerable satisfaction was expressed with mohair and 
broadcloth which led the list of seat coverings with 38.7%. 
It was the men, however, who boosted that figure, since the 
women’s first choice ran to gabardines. No doubt women 
in general know more about fabrics than do men, and 30% 
asked for plastic-coated fabrics in various color combina- 
uions. 


or 


About three out of four men and women asked for 
plain body surfaces, rather than the more glamorous de- 
sign of chromeplating on grilles, bodies, and fenders. Only 
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a sight difference was shown between answers from Met- 
ropolitan and rural areas. Many commented on the effect 
of salt air on chrome, and hoped for an improved alloy 
impervious to this and other elements. 

Some 89% asked for better insulation of the body 
against noise, and men and women, city and rural returns 
ran about the same. Many “write-in” suggestions were 
received which should be of interest to engineers, such as: 
trailer hitch on the rear; hill-holders for San Francisco 
hills; a big improvement in tools, particularly the jack - 
some recommended built-in hydraulic jacks all around. 
Objections to standing on their heads to place and operate 
the jack were also recorded by many of our readers. Bigger 
gas tanks, with a capacity of 25 to 30 gal, were also re 
quested. Many complained about the inefficiency of auto 
ymatic type of hand chokes. 


During the war period, most people seem to have had 
several replacements of mufflers and exhaust pipes and 
were not to be satisfied unless these are vastly improved. 

Gasoline filling pipes should always be built on the left 
side to prevent loss of gasoline when the car is parked in 
a deep gutter; a gage on the dash to show oil level as well 
as pressure; and exhaust pipes high enough so they won't 
hit the ground upon entering or backing out of inclined 
driveways, were suggested. 

“At a saving in the purchase price, would you prefer 
that your next car be built to furnish reasonably comfort- 
able transportation — without special equpiment?” was one 
of the questions. To this it appeared that minimum special 
equipment at a saving in cost was desired by 62% of those 
who expressed opinions on the question, with little differ- 
ence between areas. 


Items of special equipment considered essential were re- 
ported to be radios, heaters, clocks, and cigarette lighters 
when from 50 to 75% asked for them as standard equip- 
ment. In spite of California’s climate, 73% from rural 


areas wanted heaters, the vote dropping to 53% in the San 
Francisco district. 


NEW ORLEANS 


reclining seats are not comfortable for long-distance driv- 
ing, but do lend an air of luxury in short drives. The 
more upright and harder type of seat construction is more 
comfortable for long trips. It may be impossible to have 
both, so a compromise must be reached. Since airborne 
invasions have become part of modern war, all of us have 
heard about bucket seats. There probably have been more 
gripes by paratroopers about bucket seats that didn’t fit 
their buckets than about anything else in this war. No 
automobile manufacturer wants to go back to bucket seats 
in ground transportation. He wants to go forward to the 
most comfortable, most efficient, seat he can build. 


It appears safe to say that the public does not feel that 
designers and manufacturers have exploited fully the pos- 
sibilities of giving car occupants the maximum amount of 
room. The public, wholly unfamiliar with the problems 
of designing, is unable to understand why seats of a car 
cannot be wider; why the rear seat cannot be extended over 
the rear-wheel housing; why cars cannot be designed to 
eliminate the extremely objectionable “hump” in the floor 
of the rear compartment, and why much greater comfort 
cannot be provided for three occupants of the front seat. 
It was assumed by our readers that the gear-shift mech- 
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anism will be on the steering wheel, or eliminated entirely. 

Even in compromise, the public wants form-fitting cush- 
ions of the “foam” rubber type, arranged so it will not be 
necessary to provide a derrick to allow the passenger to 
rise to a position for exit from the car. The public feels 
something should be done quickly about this item. A seat 
that can easily be released by the occupant of the front 
seat to slide forward, would be a very simple and quick 
means of helping this situation. Of course, the answer 
might be a four-door sedan exclusively, but due to the 
price differential, and some other features, the public ex 
pressed a preference for the two-door type car. One person 
said that he was not a pleasure driver and suggested that 
the driver’s seat be placed forward, an individual seat, sim 
ilar to the operator’s seat of a large bus. 

The public is greatly interested in the predicted move 
ment of the motor to the rear of the car, thus eliminating 
much objectionable noise and engine fumes. The car body 
of the future must be well insulated against road noise, 
as well as engine noise. Readers hoped the rear-engine 
compartment would be sealed and sound proofed. 

The public, while to some degree satisfied with the “no 
draft” type of ventilation introduced in some cars, is not 
completely sold that the ultimate in this direction has been 
reached. Much makeshift mechanism has been used, and 
individual controls for each window should be provided. 
It is not enough, our readers think, to provide a draft of 
air, but this air should be screened to avoid entrance of 
insects and dust, as well as a protection against rain. 

Motorists have heard much about the great strides of 
advancement made in airplane construction, to provide 
suitable temperature control for operation in widely varied 
outside temperature conditions. They want these improve- 
ments applied to the motor-car body of the future. “Why 
not a conditioning unit that would warm and circulate 
filtered air in cold weather, and efficiently cool and cir- 
culte filtered air in warm weather?” some ask. The manu- 
facturer who offers the public something dependable and 
efficient in this connection will have a tremendous sales 
advantage, it would appear from our survey. 

The public cannot understand why one should pay a 
substantial price for first quality mohair upholstery and 
then find it necessary to cover this upholstery with cheap 
straw seat covers in order to provide comfort to passengers 
wearing light clothing. Among the comments on this sub 
ject were: “Why not have seats covered with durable, yet 
inexpensive material, and the addition of very attractive 
straw or matting covers for use in warm climates?” and 
“Even though these have to be replaced occasionally, the 
cost of several sets might not exceed the original cost of 
high-priced mohair upholstery,” one reader wrote. 

There has been much discussion recently relating to a 
new compartment for carrying luggage. The requirements 
in this connection vary in a wide range; however, the pub 
lic feels that a liberal luggage space can and should be 
provided under the lowered hood of the car, if the engine 
is moved to the rear. Access to this space might be pro- 
vided in sections, with separate locks. Cars left in parking 
lots or storage garages require protection for articles left in 
them. There is a definite advantage in having compart- 
ments which may be individually locked. 


The public wants safety. The public has been, and is 


being, made extremely conscious of this feature. The toll 
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exacted on our highways by careless driving has brought 
this vividly to the public mind. 

The public does not understand its technicalities, but 
they know they want lower centers of gravity. They have 
been sold, over the years, on the improved features of 
models embodying “lower center of gravity,” and it has 
become a thing to be desired by motorists. 


The complete removal of all possible obstructions to the 
driver’s vision of the distant road, and of the road directly 
before him, stood high in the demands disclosed by our 
survey. Front seats should be adjustable where the driver 
is not to be sitting in a half-reclining position, because the 
height of the hood obstructs the vision of the road. Hoods 
must be lowered and the driver placed in a position where 
he can see. The public has heard a great deal recently of 
the introduction, in the airplane industry, of stronger 
metals. If this be true, why cannot those portions of the 
car body which must be made of metal, be made of this 
strong type metal, and the size reduced to increased vision, 
some asked. 

Controls should be grouped conveniently before the 
driver. Radio controls, cigarette-lighter control, direc 
tional signal controls — all these should be placed so as not 
to require the removal of the driver’s gaze from the road, 
most readers thought. Adequate rear-vision mirrors should 
be provided, not only to facilitate seeing what is coming 
down the road from the rear, but other portions of the 
car behind the driver. The public feels that this item in 
the past has been constructed to fit in with other accessory 
gadgets and not for maximum efficiency. 

The public wants conveniences in the automobile body 
of the future. Radio-telephone, heating elements for 
warming liquids, and conversely, cooling elements whereby 
drinks may be chilled. Having tables and trays for sery 
ing foods, was an idea submitted. Requirements in this 
connection are so varied, I should like to offer the sugges 
tion that study be given to providing units designed to 
offer a wide variety of convenience. These should be 
standardized in size, so that one might be substituted for 
the other. For example, you have provided a locked com- 
partment in the panel, known as a “glove compartment.” 
Certainly no one ever had enough gloves to fill this com- 
partment, but this space could be used to house such con- 
trivances as one to serve the needs of a mother with a small 
child, whereby she could carry the necessary articles for the 
care of the child. Another could be designed to serve the 
requirements of those desiring to carry liquid refreshments 
such as the hunter, the business man, or picnickers. Still 
another might be designed to hold a cosmetic case. All 
of these could be sold by the car dealer. Some purchasers 
might want to buy several, of varying types, to be sub 
stituted in the compartment to meet different requirements. 

Your customers want gadgets, but they want gadgets 
that work. They want electric clocks that will run, and 
they want other items of accessories to be serviceable in 
quality. Many people have, during this emergency period, 
learned that satisfactory car service may be extended over a 
number of years. This may affect a definite trend on car 
buying in the future. Cheap, tawdry, embellishments in 
the car body of the future should be avoided. 

Sun-visors, not only as a safety feature but for comfort 
as well, should be serviceable accessories. Windshield 
wipers should work. Windshield wipers might be pro- 
vided for rear and side windows. 





Space should be provided for the necessary tools 


carried in the car. This should be a compartment, y ‘i 
may be kept locked to prevent theft, and which could be 
reached without unloading the luggage of the car. 

tool equipment should include good quality and serviceable 


tools. In the past, the wrenches provided have been so 
soft they could not be used, and the jack would hardly eve; 
work. 

Car sheet metal and all accessories should be rust proofed 
Gas-tank filler neck should be so constructed that it could 
be filled without backfiring or losing gas, or covering por 
tions of the painted exterior. Some manufacturers may 
fee] that due to the “pent-up” demand for cars the public 
will buy any type of car offered. To some extent this n 
be true, but manufacturers will do well to sense th 
mands of the public and cater to them, particular! 
the light of the possibility of longer use of cars by 
original purchasers in the future. 
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CHICAGO 
Under the head “comfort” we had several subdivisio; 
Those wishing no change in seat cushions again have the 
edge at 60%. Thirty-four.per cent want softer seat cush 
ions and very few prefer harder seats. Seat adjustments 
up-and-down, as well as fore-and-aft, seems to be in defi 
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nite favor with 69% indicating “yes.” Three passengers 
in the front seat again was a definite “yes” all across th 
board. 

On the subject of “summer cooling” the percentages 
are 58% “no” and 40% “yes.” It is indicative, I believe, 
of two things: first, a lack of knowledge of what refrig- 
erated air would mean in terms of equipment and, second, 
a Chicago climate in which, according to the weather 
bureau, there are only 13 days that would warrant re 
frigerated cooling. 

Should ventilating systems be improved to prever 
draft? resulted in the first loud and positive 85% “yes, 
which should point the finger toward extreme effort in 
this direction. On the subject “lower and more rakish 
roofs,” 80% said “no.” Concerning “luggage space,” 75% 
favor no change, which again is a positive answer. 

Black ran away with the show, holding 30% against 
the next highest, two-tone, with 15% and dark green with 
10%. There is no noticeable change in percentage among 
the various breakdowns. 

There was a definite and positive request on the part 
of motorists for larger windshields and improved vision 
all around. Seventy-three per cent said “yes” to the ques 
tion on larger windshields, side, and rear windows 

Under the heading “trimmings” we listed “mohairs and 
broadcloth” — “high-grade gabardines” —-and “new plastic 
coated fabrics in various color combinations (washable).” 
It is interesting to note that despite the fact that none ol 
the respondents knew what a washable plastic-coated fabric 
was they were in favor of it, and the women are a bit 
more in favor of it than men, at 56%. 

Under the heading of “more glamorous desig! 
chrome-plating on grilles, bodies and fenders,” the popular 
taste seems to tend toward smoother bodies with plain 
surfaces at 71%. On the subject of “insulating body and 
metal parts to reduce noises” we got the most positive and 
loud “yes” in the whole questionnaire at 92%. Certainly 
here is another finger pointing toward a positive demand 
on the part of responding motorists. 
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nswer to the query: “Would you prefer that your 
next car be built to furnish reasonable comfort without 
spe equipment, at a saving in the purchase price?” 
there is some indecision. Fifty-five per cent said “yes” 
and 40% said “no.” On the subject “special equipment” 
the heater, radio, automatic left-turn and right-turn sig- 
nals, clock, cigarette lighter, self-raising windows, and 
vanity case are mentioned in the order of preference. 
\mong the specific wishes, written on the backs of the 
questionnaire forms, were these: Method of ventilating 


should be provided which would eliminate the objection- 
able roar which is caused by wing windows when open 
and with the car traveling at 40 mph or more . . . Bumpers 


that really protect the car front and rear . . . Primarily 
better assembly throughout to prevent noises, squeaks and 
rattles . . . Protect paint job against fading and blistering 

. . Use noncorrosive steel, especially in doors to counter- 
act the moisture seeping down from adjustable windows 

. Heaters -two-—one in rear seat . . . The driver’s side 
of the front seat should be so designed as to let in cool 
air in the summer when taking a long, fast trip, without 
broiling. In other words, without being miserable after 
the first 10 or 20 miles. That would really be a blessing 
... A heater needed that heats equally and a clock that 
keeps time . . . Most important change in future automo- 
biles would be the rust proofing of all body and fender 
metals, bolts and nuts, and so on. The omitting of all 
chrome trim mouldings, such as body and fender reveals, 
and belt mouldings . . . Door handles, shouldn’t stick 
out . . . Please don’t make the cars any longer, as every 
one’s garage would be increased toward the alley, making 
garage parking more difficult than ever. And when you 
have to go around a block two or three times to find a 
parking space for a few minutes, you soon wish the cars 
were three feet shorter . . . Electronics should provide 
better speedometers . . . Wiper for rear window . . . Why 
not utilize the center of the wheel by making it round as 
at present, but with a rectangular “window” with a white 
card for entering route numbers, addresses or directions 
most frequently used? . . . Believe refrigerating unit could 
be installed in truck without sacrificing space by rearrang- 
ing spare tire and utilizing present non-usable space . . . 
Some kind of built-in jack to make tire changing easier . . . 
Just give me good defrosters on the front and rear win- 
dows and windshield wipers on the front and rear windows 
and I'll be satisfied! . . . Push button to open doors. Get 
rid of door handles . .. A good hydraulic jack . . . Improve 
windshield against light glare . . . Remove post next to 
driver for better vision . . . Built-in bed . . . A decent place 
tor storing tools that won’t rattle . . . The automotive in- 
dustry should agree on standard bumper height. The 
bumpers should encircle the car. This could be possible 
by so designing that portion of the bumper, as at the 
front wheel, that it could easily be removed. The bumper 
passing the doors could lap. The doors would have the 
customary flare at the bottom . . . Better arrangement for 
license plates . Curved windshields without center 
strip .. . More body and less fender . . . 

And here are two comments from the rarest of the 
Species: One said, “I have no. criticism to make on my 
Present car,” and the other, “Have driven over 70,000 miles 
and have had nothing done to the motor. Give me a car 
like my 1937 model. It’s good enough for me.” 
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adopted they would eliminate numerous blind spots. 
The query on ornamentation aroused some very choleric 
responses. A breakdown showed: 
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Is 1t desirable to increase chrome plating on grilles, bodtes 
and fenders or is a smoother body with plain surfaces de 
sired? The impression was gained that extensive use of 
chrome is a peeve among the majority of motorists. Some 
expressed a feeling of embarrassment over the gaudy ap 
pearance of their vehicles. As one driver wrote: “The 
average American doesn’t want to drive a wedding cake to 
the office every day. Give us smooth attractive shapes and 
lines, but no icing please.” 


Should the cost of ornamentation be used in other ways? 
The drivers were in high percentage who desired the dras- 
tic limitation of ornamentation for the benefit of the more 
practical parts of the car. Many protested the inconvenience 
and peril which was caused by sunglare accentuated by 
highly polished surfaces and shiny metals. 


= Comfort 


Apparently the car manufacturers have something to 
learn about comfort, according to the letters on this ques 
tion. The first subdivision was: 


Is the adjustment of seats adequate? As far as the front 
seat was concerned, the general attention was devoted to 
the driver’s position and only a few commented on space. 
The average width seemed suitable at present, but it was 
hoped it would be increased. 


Should headroom be‘ sacrificed to obtain a low rakish 
roof? The motorists were only a little concerned over the 
smart contour ofthe roof, but there was an almost universal 
protest against any sacrifice of headroom. In fact, many 
wanted this feature increased if possible. Among the 
women there was sundry mention of depressed hats and 
flattening of cherished “hair-dos” under the existing dimen- 
sions. . 


Should the rear seat be designed to allow passengers 
more legroom? Here again the majority, tall and shert, 
were for an extension of space and numerous instances 
were cited bearing upon the desirability of such change. 


Would summer cooling be worth the added cost of @ 
refrigerating unit? The interest in this proposition seemed 
perfunctory, some ignoring it entirely. However, there 
was a decided variance of opinions, some of those in the 
lower tiers of the seaboard states in favor, while the mg- 
jority in the North did not think it worthwhile. As one 
New York state motorist put it: “Having spent some time 
in southwestern United States, I can see where built-in 
refrigeration might be advantageous there. In the rest of 
the country I doubt whether it would be worth the added 
expense.” 


Suggestions for added comfort ranged from a drawer 
under the rear seat in which to keep gloves to a high- 
powered dome light by whose beams one could read the 
paper. 

Questions concerning accessibility, and their answers, 
included: 

What is the preference between a two- and four-door 
body? The replies indicated an almost two to one al- 
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legiance to the four-door type. An interesting argument 
offered in favor of the two-door body was that when driv 


ing with children they could not unlatch the doors and tall 
out. 


Should the entrance height be lowered still further, or ts 
it already too low? Only a few were in favor of any low- 
ering, while about five to three were those who declared 
that the present entrances were satisfactory against others 
who believed that they already were too low. 


Are operating features in a body easily accessible? Num 
erous suggestions and complaints were contained in the 
answers. Among these were: the lights and throttle too 
tar over; half horn not so good; emergency brake should 
be more convenient; rearrangement of instrument panel 
to assure clearer view; more ease in locking and unlocking 
windows; gadget which adjusts driver’s seat should be 
more in reach; ash trays arranged more conveniently, also 
improved sun visors which would exclude glare. 

Comparatively few of the motorists were satisfied with 
the hardware of the car of today and apparently hope that 
improvement in this direction will be manifest in the post 
war vehicle. This query asked: 

Is too much attention given to fancy shapes and contour: 
on the inside and outside hardware? ‘The trend of opinion 
was that fancy shapes did not count and that handles in 
the car should be easy to grasp and buttons easy to push. 

Protruding door handles came in for an extensive amount 
ot criticism. One couple wrote in a joint letter: “Pro 
trusions are to be avoided wherever possible, especially in 
the interior. They catch your clothing and children bump 
their heads against them,” which seemed to summarize 
several thousands of words writteh on this phase of con 
struction. Fancy designs apparently have small appeal 
tor the motorist and a number brushed off exterior orna 
mentation as a waste of time. 

Wide fenders were decried in replies from city and 
rural drivers. Allegations against these units of equip 
ment included interference with operator functions in 
maintaining the car. Chief among these were the adjust- 
ment of tires and skid chains and examination of the et 
gine. Further charges were that they are obstacles in park- 
ing and obscure side views of the highway ahead. 

Bumpers came in for a bumping, from those who com 
mented upon them, but these were in a heavy minority. 
However, there was an existant belief that they should be 
less showy and have more strength to serve the purpose 
tor which they are destined. 


als the protrusion of attached hardware beyond the inside 
and outside surfaces of a body a consideration in the de- 
sign? This inquiry was considered repetitious by at least 
90% of those who replied as they gave virtually the same 
answers as to the first division, stressing the menace to 


safety, especially in door handles which they asserted 
should be recessed. 


m Type of Body 


The closed car appears to be a two-to-one favorite. Al- 
though climate is a big factor in this decision the following 
suggestions have been offered to make the open unit more 
popular. The tops should be more easily manipulated 
for opening and closing; material should be better pre- 
pared. to withstand weather; construction should prevent 
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leakage in rainy weather, and there should be a determ 
effort to eliminate squeaks, many readers agreed. 


= Trimmings 


Should the present fabrics be retained for coverin g seats, 
backs and sides or should different materials be used? One 
practical motorist replied that most of the car owners hide 
the upholstery with covers so why not restrict the materia] 
used by manufacturers to minimum cost and devote the 
rest of the money to car improvements. However, a ven 
eral desire was expressed for material that would not spot 
with grease, oil, ice cream, confectionery and other edibles 
which are carried in the family car. Bright and heavy ply 
cloths were opposed as too wearing on the clothes of car 
occupants and objectionable in hot weather. Suggestions 
were made that the new glass or plastic fabrics be adopted 
as it was said that they were to a degree fire resistant and 
would not burn easily if a cigarette were dropped upo: 
them. Most of the comments were against leather as being 
too cold in the winter. 

Another New York Times’ question asked which is the 
most desirable: 


The standard five-passenger, four-door sedan; five-pa: 
senger, two-door sedan with large doors; the coupe, or 
some other arrangement? ‘The five-passenger, four-door 
sedan is by far the most popular among those who answered 
this question and utility seems to be the most potent rea 
son. However, some favor the coupe because of the addi 
tional legroom in front. An urge for additional width in 
seats was registered so that three people of average girth 
could sit together without being crowded. There were 
suggestions placing the door in the rear so a bus arrange 
ment of seats could be attained. The advocates of the two 
door, four-passenger vehicle sedan based their allegiance 
on the width of the exits. 

The inquiry aimed to find out if the luggage compart 
ment is too large at the expense of passenger room, proved 
controversial. Although the majority agreed that the pres 
ent provisions were satisfactory, there were some who 
wished that contour was changed to admit larger types 
of parcels and baggage while others favored the trunk 
style which would add to depth.’ Handrails to serve as 
carriers were among the suggestions to meet demands o! 
touring. 

By far the greater majority, replying to the query as to 
the car being made larger and roomier, with longer wheel. 
bases or more close-coupled to promote easier parking, 
were in favor of retaining the units at their present dimen 
sions. However, many expressed the wish that they could 
be more close-coupled to permit easier parking. But most 
of these were emphatic in the desire that no interior space 
be sacrificed. Among the suggestions for attaining @ 
shorter wheelbase was that the overhang be reduced to 
solve the parking problems. Few wanted a longer car. 

The question about running boards brought a split vote. 
City motorists are against running boards, while a number 
of drivers in the rural districts believed that they should 
be retained. Once again the question of parking came 
into the picture and views were given that declared that 
the extra space given to running boards was an added 
problem in parking. Dwellers in the rural districts, who 
have few parking difficulties favored running boards for 
their convenience in carrying packages and suitcases. 
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Aircraft- 
Engine 
GEARS 


URING the last 10 years the horsepower delivered by 

the Rolls-Royce “Merlin” aircraft engine has been sub 
stantially doubled. The highly loaded gears in this engine 
have been developed to transmit this increased power with 
out any appreciable increase in size. This paper will out- 
line experiences Packard has had in increasing the capacity 
of the gears, particularly the reduction gears, and methods 
used in designing gears of definitely greater capacity with 
out any significant weight increase. 


= Reduction Gears 


The reduction gears in the engine originally produced 
ty the Packard Motor Car Co. were of two propeller to 
crankshaft ratios 0.477 used by the U. S. Army Air Forces 
and 0.420 used by the British Government. Since most of 
the discussion will apply to the two designs, the AAF 0.477 
design will be described. 

The principal gear details of the AAF ratio are as shown 
in Fig. 1. 

When manufacture of this engine was started in 1941, 
one of the problems immediately encountered was scuffing 
of the reduction gear teeth, of the character shown in Fig. 
2, principally on the addendum of the gear tooth and the 
dedendum of the pinion tooth. Several items were found 
to contribute which will be listed as follows: 

1. Lack of proper profile on teeth. 

2. Improper mounting of gears. 

3. Lack of parallelism of teeth. 

4. Lack of proper surface finish on tecth. 
5. Improper lubrication. 


Any one of the items may cause scuffing but it is usually 
the result of two or more items being out of limits. It is 
possible to prove that each item singly has no effect if 
present in a minor degree, provided all the other items are 
well within limits. Softness on the surface of the teeth 
Was not mentioned as it did not occur on these gears. 

The items listed will be discussed in detail. 

Profile— A layout was made of the gears shown in Figs. 
{ and 2. The surface pressure was determined by the 
Hertz method and the sliding velocity of the gear tooth 
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_ [This paper was presented at a meeting of the Detroit Section of the 
SAE, Detroit, May 7, 1945.] 


September, 1945 


by FOREST R. McFARLAND 


Chief Research Engineer 
Packard Motor Car Co. 


surfaces calculated. The product of these two values was 
taken for each point of contact under the assumption that 
only one mesh of teeth carries the load through the action, 
as the proper division of load between two sets of teeth 
in mesh is difficult to obtain. Since the product of the 
pressure and a frictional coefficient and sliding velocity 
should represent a measure of the power loss or heat dis 
sipation at each instant of time, it was felt the action should 
be balanced so this product of pressure and sliding velocity 
is the same at each end of the action. The frictional co 
efficient was assumed constant for each given value of 
pressure times sliding velocity. The products of pressure 
and sliding velocity were designated PV values to agree 
with previously established nomenclature. The actual PV 
value is admittedly zero at each end of the action, but by 
balancing the values at the start and end of action, the 
ends of the single mesh action will also be substantially 
balanced. 

The method of calculation is shown in Fig. 3. It is 
somewhat similar to that used by Almen in calculating PV 
values of rear-axle gears. 

Fig. 4 shows the PV values for one set of teeth in ac 
tion. The original and revised length of action is indi 
cated. The original contact ratio of 1.68 reduces to 1.25. 
This indicates contact ratio by itself is not a good measure 
of gear capacity. These figures and the test experience re- 
sulted in increasing the amount of metal removed from the 
form of the gear and the pinion teeth, as shown in Fig. 5. 
This figure shows the pinion tooth modification above the 
zero line and the gear tooth modification below the zero 
line. The action of the teeth moves from left to right 
Clearance A, between respective contacting points at the 
root of the pinion and tip of the gear at the start of action, 
minus clearance B, between the contacting points of the 
teeth in the preceding mesh, represents the net clearance 
or “net relief’ which is shown in the lower part of the 
chart. This relief prevents undue contact pressure which 
would result from the deflection of the teeth in the pre 





OVERED here are some of the experiences 
Packard has had in producing gears for the 
Rolls-Royce “Merlin” aircraft engine. 


Determination of causes of surface distress on 
existing reduction gears at the start of produc- 
tion and elimination of the causes are described 
by Mr. McFarland. 
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ceding mesh under load. The increase in the clearance or 
net relief is shown by the shaded area in the net relief 
chart. The changes shown in Fig. 5 balanced the action of 
the gears so that scuffing occurred no more at the start ot 
action than at the end of action. 

Fig. 6 shows an estimated curve of actual PV values 
considering two sets of teeth in contact compared to the 
“single mesh” values for one set in contact. 

Mounting — The method given by Rolls-Royce for align 
ing the gears at the time Packard started production con 
sisted of bluing the teeth in assembly to secure a heavy 
bearing at the rear of the teeth, by swinging the reduction 
gear cover in a rabbet concentric with the propeller shaft, 
























SEVERE SCUFFING, 
IMPROPER LUBRICATION 


and then doweling the cover in place. 

A careful check on approximately 200 engines indicated 
that scuffing appeared more frequently at the rear of the 
teeth when the bearing was heavy at the rear. Deflection 
tests of the gears in a four-square type of test fixture were 
carefully analyzed. They indicated that the axes of the 
gears assumed a new position equivalent to being trans- 
posed parallel to their original axes. This information 
resulted in doweling the reduction gear cover to the crank- 
case with the pinion bearing bores in line and parallel to 
the reduction gear bearing bores. Better bearing across the 
teeth was obtained from this procedure. 

Parallelism — When the gears were blued-in, a consider- 
able variation in parallelism of the teeth was observed, 
clusters of five or six teeth being out of line. Very careful 
parallelism checks of every tooth in each of a dozen reduc- 
tion gears were made after each step of the processing. 
A record of the checks on one gear is shown in Fig. 7. 

It was found that most of the distortion occurred in 
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HARDNESS PINION --- ROCKWELL C-59 MIN 


GEAR-- - -ROCKWELL C-57 MIN 
m Fig. | — Reduction gear tooth data 


carburizing, the gears going out of flat as well as out of 
round. A change in processing eliminated this trouble. 
It was also found that when the gears were too much out 
of parallel before grinding, it was difficult to remove al] 
the error by grinding. The teeth of the reduction gear 
and the pinion are now held parallel within 0.0003 in the 
width of the tooth without difficulty. Parallelism has been 
stressed as it has been found much more difficult to main 
tain than proper index. Since little difficulty was experi- 
enced in maintaining index within 0.0002 between the 
adjacent teeth of these gears, the effect of index errors on 
scuffing was not determined 


MILD SCUFFING 


= Fig. 2-Scuffed reduction gear teeth 


Surface Finish —In order to improve the grinding tech 
nique, the grinding wheels were dressed coarser with the 
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SLIDING OCCURS PERPENDICULAR TO LINE 
OF ACTION AT THE POINT OF CONTACT 
THE VELOCITY VECTORS V, AND V, HAVE 
INSTANTANEOUS TANGENTIAL VELOCITIES 
AROUND THEIR RESPECTIVE CENTERS OF 
ROTATION AS INDICATED BELOW 
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= Fig. 4-PV values for one tooth in action 
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2 Fig. 5— Pinion tooth modification shown above the zero line and 
gear tooth modification below the zero line 





dressing diamonds. Wheels dressed too fine tended to 
load up, particularly at one point, and gave a pattern which 
appeared to be the result of a vertical bounce and ‘horizon- 
tal oscillation apparently induced by the exciting force of 
the loaded wheel. This pattern consisted of alternate high 
and low spots on the teeth, those on one side 





Fig. 9 shows a set of gears recently model tested. 
As a result of the improvement in gear tooth finish, the 
same method of finishing was applied to camshaft rocker 
levers. Revision of the finish specification from 10 maxi 
mum profilometer reading to new limits of 15 to 23 re 
sulted in a distinct improvement after acceptance runs. 

This finish was applied to steel gears running with steel 
gears only. In one instance it was found necessary to make 
a spiral steel gear smoother to prevent it from cutting the 
mating bronze gear. 

Lubrication —-Improper lubrication at the start of the 
acceptance runs was suspected. A pump was installed on 
one dynamometer stand which was started when priming 
the engine, and was run until 10 min after starting under 
power. The record of scuffed gears of this stand for ap- 
proximately 175 engines was compared to the general 
average of all the other stands, and a very definite improve- 
ment was noted. The acceptance test schedule was revised 
to call for priming lubrication of the reduction gears before 
starting the engine, and continuing until ro min after 
firing, to ensure sufficient oil to run in the gears properly. 

Summary — Careful attention to all the details listed re- 
sulted in reducing scuffing, from an objectionable percent- 
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age of rejections in the factory, to less than 0.5%. Service 

experience has shown that if the gears do not scuff during 

the acceptance run, they are not likely to scuff in service. 
New Gear Design-—Further anticipated increases in 
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on the opposite side by the distance the table oe = —— 
traveled during one-half wheel revolution. -005} CAR 
Coarser dressing eliminated this difficulty palit acon 
Ss +005} — — 
and also reduced magnaflux checks, particu- © | Me 
larly at the roots of the teeth. G ~005) BEFORE HEAT TREAT 
Observation of a large number of the gears 3 +005) SS <_ 
; ie a < uauemene 
aiter acceptance run indicated the coarser Ge _oos}- ee 
hnish showed less marking and “fussiness” & —AFTER HEAT TREAT 
than the fine finish. Comparison of the rs — — 
prohlometer readings with profile recorder 2 -005 
cheat, as shown in Fig. 8, led to specifying O 4005 ais 
surtaces to be made in accordance with J 
samples to obtain the character of surface ~0005 -— 
tound desirable, Finishes, in agreement with +.0005>- 
the samples, are accepted between profilom- a 
eter readings of 15 to 37 root mean square. ' | 0 a er oe fer we 
Under proper conditions, gears of this type 


of finish will go through a model test with- 
out wearing through the grinding marks. 
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power indicated the desirability of more capacity in the 
reduction gears. A new design was studied with a pres- 
sure angle of 25 deg and a pitch of 4.1. The length ot 
action decided upon was based on permitting PV values 
cf 3,000,000 at each end, resulting in a contact ratio of 
1.25. After establishing the usable action, the gear teeth 
were proportioned for strength. The modification was 
then established using the previous deflection data of the 
production gears and applying the 
shown in Fig. 10. 

It will be noted the teeth are assumed as deflecting about 
a point in the middle of the rim. Calculation of the de 
flection of a tooth as a nonuniform beam will account for 


empirical formula 
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The net relief at the end otf 
is established using the same procedure 











m Fig. 9—25-deg reduction gears after model test 
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* Fig. 10- Empirical formula for comparing tooth deflection of comparable gear structure 
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m Fig. 11 — Reduction gear stresscoat study 
The ramp at the tip is very important in order that first cut loss of area to keep the unit pressure down and im 


contact does not extend to the tip of the gear tooth. The prove lubrication. 
radii of curvature of both gear teeth should contact with- The stresscoat checks, as shown in Fig. 11, help to 
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a Fig. 13 —Closed circuit reduction gear fixture 


confirm the theory that the gear tooth deflects about a 
point in the center of the rim. 

Fig. 12 shows the final modification charts for the gear 
and pinion as they appear on the respective engineering 
drawings. They have been matched: together to enable 
the net relief to be determined. Separate charts are kept 
as a permanent record of each set of production gears. 

A closed circuit reduction gear fixture, shown in Fig. 13, 
was designed and built to test the new gears at loads in 
excess of engine loads. Loading of the gears was accom- 
plished by winding up a calibrated torsion shaft between 
the reduction gear pinions by the turnbuckles on one pro 
peller shaft flange. The torsion shaft was enclosed and 
supported in a tube to provide lateral stiffness. On this 
fixture the test gears were lubricated and cooled by low- 
pressure jets of oil directed into the mesh, as in the engine. 
The dummy gears at the opposite end were lubricated by 
high-pressure oil jets on the teeth after mesh. The dummy 
gears were first lubricated by an e-p oil of SAE go viscosity 














516 


a Fig. 14-Fail- 
ure of test gear 
- showing cracks 
in the clamping 
surface 





to give them more surface capacity than the test gears 
Later, engine oil was used, but in greater quantities thar 
on the test gears. 

Test running of the new gears indicated their capacity 
to be appreciably greater than that of the original gears 
The action started and ended where called for by the desigr 
with no scuffing except when overloaded appreciably, with 
the result that no change whatever was made in the modifi 
cation established in the original design. A year and a half 
ef production experience with no scuffing has indicated 
no change necessary to date. The modification formula 
kas been used on several other gear sets and found satis 
factory, but is offered with 
hesitance since a_ large 
number of different gear 
designs have not beer 
checked. Care must bk 
used in obtaining the orig- 
inal deflection data. Th 
designs compared should 
have the same _ genera 
structure. ¢ 

The closed circuit test 
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test » Fig. 17-Reduced fretting corrosion when 10 extra bolts are : 
added place in the form of cracks in the clamping surface, as 
shown in Fig. 14. A photoelastic check, shown in Fig. 15, 
(ture gave an opportunity to determine the efficiency of indicated stress concentrations just below the fillet. Re 
the gears, which was approximately 99% per mesh. 
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checks of the 20-deg pressure angle gears showed no such 
failures except in one instance where scuffing and pitting 
caused excessive rim deflection. From this it was deduced 
that the 25-deg pressure angle gear teeth align themselves 
mainly by deflecting radially, whereas the 20-deg pressure 
angle teeth align themselves mainly by deflecting tangen- 
ually. This is to be expected since the modification of the 
25-deg pressure angle gears is only approximately 70% 
that of the 20-deg pressure angle gears, indicating stiffer 
teeth in the tangential plane, whereas the radial component 
of the normal tooth load of the 25-deg gears is 23% 
greater than that of the 20-deg gears. This also illustrates 
the desirability of a central flexible web to assist in tooth 
alignment as the teeth are always out of parallel. 

Gears run with the web relieved, as shown in Fig. 15, 
showed improvement over the standard construction. Since 
the pilot was desirable for manufacturing, and the fretting 
corrosion between the gear and the propeller shaft flange 
lad such a definite pattern due to the clamping, shown in 
Fig. 16, it was decided that extra bolts were desirable to 
spread the deflection over the gear web and propeller shaft 
flange. The small holes are bolt holes and the large holes, 
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lightening holes. Adding ro extra bolts between 1! 
ent 10 bolt holes maintained interchangeability with exis 


ing propeller shafts and permitted reworking these shaf; 
by adding the extra 10 holes. This change eliminated | 
cracks and greatly reduced the fretting corrosion, as show, 


in Fig. 17. 


The experiences related indicated that success in th 
operation of the highly loaded gears described depend 
upon proper initial design, careful attention to all details, ' 
and full cooperation between the engineering, metallurg 
cal, and manufacturing departments. It is felt to be im 
portant that the problems arising be undertaken by {| 
cepartments which should share the major responsibility 


for the solution of them. 


w Supercharger Gears 


The same design methods as used on reduction 


fears 


have been applied to new supercharger gears. Shaving 
has been standardized on several gears in the engine. Three 
supercharger gears, shown in Fig. 18, are among those noy 
shaved. To control warpage of the pinion it was found 
necessary to eliminate the holes shown in the upper desig: 
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and change to the we 
type shown below. Holes 
in gear webs near th 
are found to promote 
tortion. 

The largest gear in Fig 
18, having the internal and 
external teeth, is now be 
ing nitrided in production 
Generator gears have als 
been nitrided and run 
together satisfactorily, 
though this heat-treatme: 
for these gears has not 
been standardized. Our ni 
triding experience to da 
has been limited to surfa 
stresses below 90,000 ps 
Hertz value. 

It has been found that 
the PV values, satisfactory 
for supercharger gears em 
ploying much higher slid 
ing velocities and much 
lower unit pressures thar 
reduction gears, can k 
higher than those of reduc 
tion gears, as shown in 
Fig. 19. It is suspected that 
the frictional coefficient is 
lower in the supercharger 
gear drives than in the re 
duction gear drives. This 
fact has been investigated 
by Almen and Straub, whi 


m Fig. 23 — Method 
of dimensioning for 
spur gears 
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devised a PVT tactor which appears to be a better yard- 


sick for gears in general than PV values. We use PV 
values but refer to the values known to be satisfactory for 
the pressures and sliding in question. 


a Spiral and Bevel Gears 


The method of calculation and design described on the 


reduction gears has been applied with success to several 
other spur-gear drives, also to spiral- and bevel-gear drives. 

Fig. 20 shows the condition of an aluminum helical gear 
driving a steel gear attached to the fuel pump, after a model 


test. Satisfactory operation of this gear-set was obtained 
by attention to several of the same tooth details and lubri- 
cation, as with the reduction gears. 

It has been found that the proportions obtained for bevel 
gears, using this design method, agree closely with those 
established by the Gleason Works as a result of their experi- 
ence. One interesting experience in the bevel-gear train 
resulted from the objections registered by inspection to the 
spotty ‘bearing on the camshaft upper bevel-gear teeth. A 
polar diagram of the cam- 
shaft torque curve is shown 
in proper index with the 
camshaft driven gear teeth 
in Fig. 21. The six heavily 
joaded areas on the driven 
side of the gear teeth 
agreed with the peaks of 
the positive torque curve, 
with the bearing on the 
iriving side of the gear 
teeth coming between the 
markings on the driven 
side. Oscillation of the pin 
ion in its bearing caused 
the pinion to hinge about 
the toe of its tooth, giving 
a false bearing at the toe. 
Vibration pickup readings, 
since taken, substantiated 
the order of the harmonic 
as being principally the - 
sixth. 
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We have been very in- 
terested to find that Rolls- 
Royce, by its method of 
development on reduction 
gears, has independently 
arrived at tooth propor- 
tions very similar to those 
developed by the method 
described. W. J. Davies of 
its Gear Section, Aero De 





MUST BE .006 MIN BELOW— 
START OF CONTACT (.020 
PREFERRED) 


‘(OR X.XX ANO X.XX DIA OR 


RUN TRUE WITHIN XXX TOTAL 
\INDICATOR READING 


ENLARGED VIEW OF TEETH IN NORMAL PLANE 


sign Department, states, “The Rolls-Royce method of de 
sign is now to use as large a pressure angle as gives reason 
able root fillets and at the same time avoids pointing of the 
teeth.” 

Rolls-Royce uses modification charts of the type shown 
in Fig. 22 since these satisfy the type of grinding used by 
this company. Rolls-Royce refers to clearance at the tip 
of the gear and tip of the pinion which agrees with the 
described net relief. Packard prefers to carry the true in 
volute from the root to the pitch line and to modify from 
the pitch line to the tip of the tooth. Since a ramp at the 
tip is desired, a little more relief on the addendum gives 
the modification. The template, used on form grinding 
machines, is easier to make if the relief is above the pitch 
radius only. On the first step-up gear in the supercharger 
drive train, an attempt was made, without success, to secure 
modification by changing the pressure angle, as material 
was added in the root at the same time that it was removed 
from the tip. Since this gear was ground on a generating 
grinder without provision for modification, we had to r« 
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cates that calculated stresses 
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appreciably for the same 
life values when roots are 
properly shot-peened. It is 
understood that Allison is 
shot peening the roots of 
two ratios of its reduction 
gears. On spur gears a 
contact ratio of 1.25 ap- 
pears ample. Higher con- 
tact ratios are of little value 
unless the proper PV’s are 
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lem is distinctly different 
from that of helical gears 
in automotive practice where Packard has resorted to more 
recess than approach action to achieve greater quietness. 

It is felt that modification is a part of the design of 
highly stressed gears, and that all grinding equipment 
should be designed to produce it. 

Root stress calculation has not been touched as substan- 
tially no root failures have occurred. In designing new 
gears, the Lewis beam formula has been used, applying the 
load at the base circle at the point where one tooth assumes 
the load. Velocity corrections have not been used. Cal- 
culations of the force required to deflect the individual 
tooth in the time interval allotted on reduction gear teeth 
running at pitch-line speeds of 4300 fpm have been made. 
For the index errors and modifications used the additional 
increment of force required to accelerate the tooth did not 
appear to be great enough to warrant a correction. However, 
a correction based on the proper considerations would be 
favored as it may prove to be important in gears of high, 
pitch-line speeds. It has been found easier to calculate the 
tooth accelerations directly than to work them into a 








formula, since any formula must depend upon considerable 
service data for verification. 

The question has arisen as to the accuracy and signifi- 
cance of Hertz stresses. Roller clutches have been found 
to operate satisfactorily under calculated Hertz values of 
over 800,000 psi maximum compressive stress for maxi- 
mum engine torque, although this figure is not recom- 
mended. The actual failures would be expected to be 
either shear or tension, the compressive stress value being 
an indicator of the magnitude of stress which would cause 
failure. A report on some of the data available would be 
of interest and value. 

The spur-, spiral-, and bevel-gear information has been 
standardized on the engineering drawings to conform to 
the data shown on the reference sheets given in Figs. 23, 
24, and 25. Only a portion of the information on the 
reference sheets appears on the drawings. It has been found 
that countless communications between all concerned art 

concluded on page 560 
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PISTON RINGS IN THE WAR 


by D. M. SMITH 


McQuay-Norris Mfg. Co. 


ISTON rings in the war, piston rings in the peace, or 
a piston rings — the title makes no difference. When 
an engine performs satisfactorily it is said to be a good 
engine, but when it fails, it’s a case of bad piston rings. So 
the piston ring is still the most important single part of an 
internal-combustion engine. The limitations of the piston 
ring are the limitations of the engine, and no matter 
whether the engine is small or large, whether it is deliver- 
ing 50, 60, or 100 hp, or whether it is delivering 2000 hp, 
the problems are all the same. The difference is only in 
degree. 

The problems are heat, pressure, corrosion, friction, and 
abrasion. These are the problems of war. These were the 
problems of peace. We have had them throughout the past 
years and will have them through the future years. 

A piston ring is a seal, first, against the escape of pres- 
sure from the combustion chamber, and second, against the 
escape of oil from the crankcase. It must be of the proper 
design and it must be made from the proper material. 

What we would like to have is a piston-ring material 
that possesses the maximum of strength and elasticity, 
becomes immediately compatible with the cylinder surface, 
and wears forever. But actually we find that, where the 
life of the piston ring is extremely long, it does not wear in 
or mate quickly with the cylinder wall; and where a piston 
ring does mate quickly with the cylinder wall, it does not 
have a long life. Steel is not a good ring material. While 
it is strong and elastic, it does not have the wearing 
qualities, nor does it always retain its strength and elas- 
ticity under engine temperatures. Gray iron is a better 
wearing material, but it is not as strong. 

Investigations have been continuous since the beginning 
ot the gasoline engine to find a material more suitable for 
piston rings than gray iron. Generally speaking, nothing 
better has been found, but gray iron has been improved 
immeasurably through the years by improvements of 
melting practices and by improvements of methods of 
molding. Analyses have been changed and alloys have 
been added. The additions of some alloys to gray iron 
have greatly increased its strength and elasticity. Other 
alloys have improved the resistance to set caused by tem- 
perature or repeated loads and also improved the wearing 
qualities. 

Table 1 shows three different alloy additions compared 
with regular electric furnace gray iron. 

The stress and modulus have both been increased by the 
a of alloys and the proper heat-treatments. The 
best balance between strength and wear continues to be the 
problem. The increasing of strength does not necessarily 
improve compatibility. 


—_. 


‘ (This paper was presented at a meeting of the Western Michigan 
Section of the SAE, Muskegon, Mich., Feb. 15, 1945.] 
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Surtacing has been of the greatest value in adding to 
material development — in improving compatibility of the 
piston ring with the cylinder wall. There is tin plate, 
cadmium, silver, nickel, or copper plate, all plates of the 
softer variety, chrome plate, and the many chemical surface 
treatments. 

Tin plating has been used extensively in war industry. 
Its protection to the ring and cylinder surfaces during the 
run-in period is truly remarkable. Remember, it seals, it 
lubricates, and it protects against corrosion, scuffing, and 
scoring; and while its melting point is quite low, its 
presence is still found after many thousands of miles of 
road travel or many hundreds of hours in the air; and if 
and when it is all worn off or gone, there is no loss of 
dimension. The basic measurements still remain. ‘Fin, 
electrolytically deposited on piston rings, has been used in 
most aircraft engines in this country and in maay of them 
abroad. It is used on piston rings in other types of engines, 
and its use is increasing because piston rings surfaced with 
an electrolytically deposited tin (altinizing): 

1. Seal immediately. 

2. Have less danger of scuffing and rapid wear. 

3. Resist acid corrosion. 

4. Have less friction, allowing the rings to be more 
active in the groove. 

None of the other softer materials 
be any better than tin. 

Chemically treated surfaces are valuable. They function 
by wearing away or abrading. They are resistant to corro- 
sion. They do generally lose dimension and generally have 
no lubricating qualities. Some of the most widely used 
treatments and those most familiar to all of us are: bon- 
derize, ferrotex, ferrox, granodize, granoseal, parkerize, 
silcote, and sulfadize. 


has proved so far to 





if a piston ring is to remain an effective seal 
over a long period of time, despite heat, pres- 
sure, corrosion, friction, and abrasion, it must 
be made from the proper material and it must 
be of the proper design. 


Mr. Smith discusses here both of these aspects 
of the problem. 


——— 





THE AUTHOR: D. M. SMITH (M °32), works manager 
and chief engineer of the St. Louis Division of McQuay- 
Norris Mfg. Co., joined the organization in 1920, soon after 
returning from overseas in World War I. He is a graduate 
from Purdue University’s School of Mechanical Engineering. 
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a Fig. | — Typical example of variation of oil consumption for 500-hr period - chrome-faced top ring used 





Colloidal graphite may be added to give it lubricating 
qualities, being introduced into the porous surface using a 
light oil as a carrying agent. 

Chrome plate is a hard plate, an almost permanent plate. 
Its use has added many hundreds of hours of operation to 





Table 1 — Piston-Ring Materials 
- ‘ee Electalloy Electalloy Electalloy 
No, 2 No. 3 No. 4 
(Regular) (High Tensile) (High Tensile) 


Temper Carbon 2.80-3.20 3.75-3.85 
Graphite Carbon 2.95-3.20 2.70-3.20 
Combined Carbon 0.65-0.75 0.40-0.75 0.70-1.15 
Silicon 2.20-2.40 2.00-2.90 2.10-2.70 2.80 max. 
fur 0.065-0.075 0.10 max. 0.10 max. 0.10 max. 
Manganese 0.70-0.80 0.50-0.90 0.50-1.20 0.60-0.70 
iS 0.70-0.80 0.20-0.50 0.50 max. 0.25-0.30 
Nigkel 0.80-1.25 1.00 
‘olybdenum 0.90-1.35 0.60-1.20 0.80-0.90 
Chromium 0.30-0.50 0.80-1.20 0.30 
Aluminum 0.50 max. 
Copper 
Stress, psi 5,000 60 ,000 000 
Modulus of Elasticity, psi 14, 000. 000 22,000,000 25,000, 000 15, 
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aircraft and tank and other heavy-duty engines. A chrome- 
plated surface resists corrosion and abrasion. It has very 
low friction, will outlast other surfaces many times. Under 
normal operating conditions, life between overhauls has 
been increased from two to four times, and under ex- 
tremely dirty and dusty operating conditions, life has been 
increased from eight to ten times. 

Chrome is a poor seating material. A chrome-plated 
piston ring is not at all compatible with a chrome-plated 
cylinder, nor is it compatible with certain steel cylinders. 
It is necessary against any surface to preseat the piston ring 
or to etch its surface. Preseating by honing or lapping 
removes all unevenness of surface so that the piston ring 


























a Fig. 2—Torsional compression ring positioned to give maximum 
seal for control of compression or blowby 
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a Fig. 3—For low- 
output engine only 
one beveled-back 
torsional ring is used 

















will fit the ‘colitie: wall at all points and be 100% light 
tight. Etching the chrome surface creates a porous, low- 
strength surface which will rapidly wear when in contact 
with the cylinder wall, therefore quickly seating with the 
cylinder wall. Just the proper amount of preseating or the 
proper amount of etching is of most importance, and 
generally is determined by experiment. The final answer 
depends upon how much the engine likes it. 

The chrome-plated ring is at its best when installed in 
the top groove, where the temperature is the highest and 
where the acids and the abrasives are generally the most 
concentrated. The chrome-plated ring does not only resis 
wear itself, but it seems to protect the cylinder wall and 
the lower rings as well. One chrome-plated piston ring on 
each piston is generally enough. 
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= Fig. 4—For more 
critical case two 











sional rings are used 
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a Fig. 5 —For 
the most criti- 
cal case three 








beveled - back 

torsional com- 

pression rings 
are used 


























m Fig. 6 (left) - 
Beveled - back 
ring with tapered 
face used in top 
groove only 

















a Fig. 7 (right)- 
Beveled - back 
ring with tapered 
face used in two 
top grooves 























Chrome-plated rings are most necessary on high-output 
engines, such as the aircraft and tank engines used in the 
war, where the temperatures are high or where there are 
extreme amounts of abrasive present. This type of surface 
treatment is desirable on rings installed in vehicles under 
long-haul conditions. Overhaul periods will be less fre- 
quent and many hundreds of miles added to the engine 
life. 

Fig. 1 is a typical example of uniform engine efficiency 
throughout a long operating period where a chrome-faced 
top ring was used. 

Materials and surfacing of the materials are important 
and have been the means of considerable engine improve- 
ment and the addition of many hundreds of hours to 
engine life; but the very simple thing of positioning a 
piston ring of any material or surface in its groove is 
responsible, in many ¢ases, for success where absolute 
failure had occurred. It has been responsible through the 
war period for getting engines back into the air where they 
had been virtually scrapped. The positioning of the piston 
ring in its groove is accomplished by piston-ring design. 

There are two kinds of piston rings, compression rings 
and oil rings. They have been called this for many years, 
the upper groove rings being known as compression rings 
and the lower groove rings being known as oil rings. 
Compression should be controlled by the compression 
tings. Oil should be controlled by the oil rings. Oil some- 
times is controlled by the loss of compression or by blowby, 
which is not desirable. Obviously, the rings closest to the 
combustion chamber should be the most effective in con- 
trolling compression, and the rings closest to the crankcase 
should be the most effective in controlling oil. 

The first problem, then, is to hold compression in the 
combustion chamber as completely as possible, or prevent 
blowby, as it is commonly known. Any loss of compres- 
sion, or blowby, decreases the efficiency of the engine and 
increases fuel consumption and temperature of rings, pis- 
tons, and cylinder walls. This, in turn, destroys partially 
or entirely the lubricating film, Allowing metal-to-metal 
contact, which is the start of scuffing, wear, scoring, lac- 
quering, sticking, or seizure of these parts. Blowby is a 
tooler. It can, in small amounts, be the cause of low oil 
consumption, for, obviously, if blowby gases are moving 
toward the crankcase, oil will not at the same time be 
moving toward the combustion chamber. Where low oil 
cosumption is accomplished through blowby, however, 
the life of the engine is generally quite short. Performance 
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falls off, due either to abnormal wear or to scuffing, scoring, 
or seizure. 

The second problem is to control the oil—to allow just 
a sufficient amount of oil to reach the piston and rings for 
proper lubrication. The use of oil is necessary to the 
successful performance of an engine. The ideal situation 
is where the amount of oil consumed varies only slightly 
throughout the hours of engine operation. It is not desir- 
able to have a high oil economy at the start with a quick 
drop-off, but rather to have uniform consumption through- 
out the life of the engine. 

This is all attained by the proper positioning of the 
piston ring in the piston-ring groove — that position being 
accomplished by the use of an unbalanced ring section, a 
torsional ring, where the ring, when closed, actually twists 
in the groove so that its lower-face corner bears heavily 
against the cylinder wall, the outer corner of its top side 
bears heavily against the top side of the groove, and the 
inner corner of its bottom side bears heavily against the 
bottom side of the groove. (See Fig. 2.) The rings must 
remain in this position throughout their operating life, for 
in this position the compression ring will give the maxi- 
mum seal for control of compression or blowby. 

In cases of low output engines, one such compression 
ring is sufficient in the top groove. In cases of higher 
output engines, two, three, or more such rings may be 
necessary. This all depends upon output and design of the 
engine, the design of the piston, and also upon just how 
much burden is placed upon the piston rings. It can best 
be determined in each engine by actual tests. Combina- 
tions may be varied, depending upon conditions and how 
much compression control is needed. 

Figs. 3, 4, and 5 show three different combinations 
where, in the least critical case, only one beveled-back 
torsional ring is used in the top groove. The other com- 
pression rings are conventional. In the most critical case, 
three beveled-back torsional compression rings are used. 
The most effect is obtained by the ring in the top groove. 

Note that the torsional or twisted rings in each instance 
contact the cylinder wall and groove in the same manner 
as previously described, with the lower face corner bearing 
heavily against the cylinder wall, the outer corner of the 
top side bearing heavily against the side of the groove, and 
the inner corner of the bottom side bearing heavily against 
the bottom side of the groove. 

Figs. 6, 7, and 8 show a ring which combines the beveled 
back with a tapered face. In Fig. 6 this ring is used in the 
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m Fig. 8- Ring with 
groove in lower out- 
side corner is here 
used in third groove 





























top groove only, a beveled-back ring being used in the two 
lower grooves. In Fig. 7 a beveled-back, tapered-face ring 
is used in the two upper grooves, with a beveled-back ring 
being used in the lower groove. In Fig. 8 a ring with a 
groove in the lower outside corner is used in the third 
groove. 

A tapered face on a piston ring gives it a high unit 
loaded scraping edge. If it were not for the fact that any 
removal of material or unbalancing of the ring section at 
the upper corner of the face of the ring twists it in the 
wrong direction, a tapered-face ring would be effective. 
However, any results from a tapered-face ring, except just 
this increased scraping edge, are caused through an in- 
crease in blowby. The tapered face is desirable in a choke 
bore to keep the top edge of the ring from contacting the 
cylinder wall and to maintain a high unit scraping edge. 
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It is desirable where clearances between the cylinde; 


inner corner of the ring to offset and reverse the effec: 
twist from tapering the face of the ring. . 
Fig. 9 shows a tapered face and tapered side in vNa 
tion with a beveled back. Merely unbalancing the ri: 
shown, has turned this ring into a seal against blow} 
increasing the life of the ring and the life of the 


wa 
and the piston are large. But in order to use the tapers Je 
e ° . . . “ 
face effectively, it must be combined with a beveled back JE 
where there is sufficient removal of material from the up, : 


Removal of material to create the torsion can by 


form of a groove, a bevel, a taper, and the like, as show, 
in Fig. 10. The proper torsion or twist will be acco 
plished just as long as the unbalancing is done at th 
inside corner or lower outside corner. The amount 
torsion is important, and in a majority of applications it \ 
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m Fig. 9— Rings with 

tapered face and 

tapered side in com- 

bination with beveled 
back 
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= Fig. 10- Various methods of removing material to create torsion 
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« Fig. 11 (right) - 

Application where 

torsion compression 

ring is used as an 
oil ring 
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a Fig. 12 (left) - 
Rings used on en- 
gine given 150-hr 
endurance test — av- 
erage rpm: 2246-— 
average specific oil 
consumption: 0.0024 
Ib per bhp-hr 
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better to create the torsion by removing material from the 


Sinner upper corner of the ring, than by removing it from 
Bthe lower corner of the face of the ring. 


Thus, the torsional compression ring —contacting the 
cylinder wall with its lower edge, top side of the groove 
with its outer edge, and lower side of the groove with its 
inner edge, and regardless of whether it is straight-faced 
or taper-faced, straight-sided or taper-sided—seals the 
blowby, reducing wear and the danger of scuffing, scoring, 
lacquering, sticking, or seizure of these parts. Conse- 
quently, the things that have been done by engine manu- 
facturers to prevent rings from sticking — such as use of 
large clearances between the side of the ring and the side of 
the groove, and use of tapered-side rings—can in the first 
case be reduced, or in the case of tapered-side rings, be 
eliminated. 

After the blowby is under control, then control of oil 
becomes important, because with elimination or reduction 
ot blowby, oil consumption will have a tendency to in- 
crease. Consequently, an oil ring must be designed with a 
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m Fig. 13 — Rings 
used on engine sub- 
jected to 75 hr of 
continuous opera- 
tion — 1900 rpm open 
throttle — specific oil 
consumption: 0.0027 
Ib per bhp-hr — blow- 


by not in evidence 
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m Fig. 14- Rings | 

used to reduce oil 

consumption 75% - 

blowby not in evi- 
dence 














high unit loading and a high total loading —a ring that 
will stay against the cylinder and scrape off surplus oil, just 
passing sufficient oil for lubrication. The type of oil ring is 
not so important. In some cases ventilated-type oil rings 
are used; in other cases rings are employed that are milled 
on the side for oil drainage; and in still other cases plain 
rings are used where oil drainage is controlled through the 
piston. There are even applications where the torsional 
compression ring is used as an oil ring. (See Fig. 11.) It 
is used reversed or upside down. Here the crankcase pres 
sure acts on it in a manner similar to the combustion- 
chamber pressure when it is in the top groove. 

The same design of torsional ring applies whether the 
engine operates at slow speeds or high speeds, whether it 
is a low-output or high-output engine. The amount of 
twist may be varied. The ring was possibly first used in 
the form of a scraper ring, with a groove in its lower face 
corner, and all manner of reasons were given for its excel- 
lent performance except the true one, namely, the position 
it takes in the groove due to its unbalanced section. It is 
used more today in the form of a beveled back or with a 
groove in the upper inner corner. It is standard equipment 
in many automotive types of engines, and during the war 
has been approved in most aircraft engines either as orig- 
inal equipment or for replacement service. The ring has 
been used in many industrial engines and its use is being 
extended every day. It is used in hydraulic installations 
and in pumps and compressors. 

It is most effective in the top groove, apparently because 
its function is so closely related to conditions of pressure, 
or in the bottom groove in the reversed position if the 
pressure is high enough. The ring will perform with very 
low total loads, also with high total loads, made of gray iron, 





a Fig. 15-—Rings 
used on engine given 
150-hr endurance 
test — average rpm: 
1900 —average spe- 


cific oil consump- 
tion: 0.0041 Ib per 
bhp-hr 
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m Fig. 16— Rings 
used on engine given 
150-hr model test - 
average specific oil 
consumption: 0.006 
lb per bhp-hr —-av- 
erage blowby: 3.5 
in. of water (nega- 
tive) 





or other materials, surfaced or URP EO So, no 
matter what the material is, and no matter what the sur- 
facing or load, the unbalanced torsional compression ring, 
used in combination with a high unit loaded oil ring, will 
better the control of both compression and oil. 

A typical example of results accomplished through the 
use of a torsional compression ring is shown in Fig. 12. 
The difficulty in this engine was lacquering, sticking, 
scuffing, scoring, and wear. The original rings had a very 
low loading. Extreme clearances had been used between 
ring and groove to eliminate sticking. Extreme clearances 
had been used between piston and cylinder wall to elimi- 
nate scuffing, but the problem still remained. A beveled- 
back torsional compression ring was used in each one of 
the two top grooves. The loading of all rings was in- 
creased, and the surfaces were coated. Side clearance 
between ring and ring groove was decreased. Lacquering, 
sticking, scuffing, and scoring were eliminated by con- 
trolling the blowby. 

Another engine was having the same problems of scuf- 
fing on rings and extreme wear and scuffing on cylinders. 
Ring loadings were low. The compression rings were 
showing uneven contact on the face and sides, with most 
of the contact at the top edge of the face of the ring. The 
severity of this job required a tapered-face, beveled-back 
torsional ring in each one of the two top grooves, and a 
beveled-back torsional ring in the third groove. (See Fig. 
3.) The surfaces were coated. The first test ran for 75 hr 
at full throttle, with no presence of any scuffing, scoring, or 
wear, and oil consumption was extremely low. 

The next engine was consuming an extreme amount of 
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m Fig. 17 —- Rings 
used on engine given 
(1) 50-hr test at 
2530 rpm — average 
specific oil consump- 
tion: 0.0029 Ib per 
bhp-hr -average 
blowby: 1.5 cfm; (2) 
15-hr test at 2980 
rpm — average spe- 
cific oil consump- 
tion: 0.0046 Ib per 
bhp-hr —- average 
blowby: 2.2 cfm 





























wear. Blowby was very high, as was evidenced by large 
quantities of oil being thrown out of the breather. 4 
beveled-back torsional compression ring of increased Joa 

ing was put into the top groove. (See Fig. 14.) Loading 
of the plain compression rings and oil rings in the othe: 

grooves was increased, and the ring surfaces were coat 

Clearance between the side of the ring and the side of t! 
groove was decreased. On the first test there was no e\ 
dence of any oil being blown from the breather, 
scufing and wear were eliminated. 

Lacquering, sticking, scuffing, and scoring were bein 
experienced in the engine covered by Fig. 15. The ring 
loadings were low. Face and side contacts of the rings 
were not uniform. A beveled-back torsional compression 
ring was installed in each one of the two top grooves, an 
a plain compression ring in the skirt groove. Loading: 
were increased on all rings, and the surfaces coated. 

On the engine covered by Fig. 16, among other thing,, 
the face corners of the rings had been rounded in an 
attempt to eliminate scuffing of the rings and cylinders 
Here, as in the other cases, the problem was corrected bi 
heavily loaded torsional compression rings. A beveled-back 
torsional compression ring was used in the top groove, and 
a tapered-face, beveled-back torsional compression ring 10 
the second groove. Loading was increased in all of th 
rings, and the surfaces coated. At completion of the 150-h: 
model test there was no indication of scuffing on rings 0: 
cylinders. Blowby was reduced to the point where a neg 
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oil, and rings and cylinders were showing considerable tive crankcase pressure was indicated, and the oil consum; 
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a Fig. 18 —Rings oO 10 20 fe) 
used on engine 
given 50-hr test 








tion was abnormally low. 

The experimental engine covered by Fig. 17 was tested 
with many different types and kinds of compression and 
oil rings. The torsional compression rings produced the 
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| ngine covered by Fig. 18 had an extremely short 


life, due to scufing and wearing out of rings and cylinders. 
[his wear was so severe under certain conditions that it 
was impossible to complete, acceptably, a 6-hr block test. 
Placing of a bevel on the upper inner corner of the com- 
pression ring in the three top grooves, and increasing of 
the load as much as was possible with the groove limita- 
tions, made possible the successful completion of several 
<o-hr tests at normal rated power. Both chrome-plated and 
coated rings were tested. In all cases the cylinder wear was 

gligible. The oil consumption was satisfactory, and it 
was maintained at a uniform level throughout all tests. 


Extreme scuffing and severe blowby, as evidenced by oil 
being blown from the breather, was the problem of the 
engine covered by Fig. 19. The crankcase pressures were 
extremely high. The ring loadings were extremely low. 
Tapered-face, beveled-back torsional compression rings 
were used in the two top grooves. A beveled-back tor- 
sional compression ring was used in the third groove. The 
scalloped type of oil rings was used. The loading was 
almost doubled, and the surfaces were coated. The first 
test throughout 50-hr full throttle showed a negative 
crankcase pressure, and the rings were in perfect condition 
at the end of the test. Improvements in these rings have 
been made, until today on endurance tests of as long as 
300 hr, wide-open throttle it has been indicated that it is 
possible to maintain oil consumption figures as low as 10% 
of the original. 

Fig. 20 shows the rings used in a high-output engine to 
improve its operating efficiency and lengthen its operating 
life. The trouble here was scuffing and quick wear, where 
1 good oil economy was experienced to start with, but with 
, quick drop-off. The beveled-back, tapered-face compres- 
sion rings reduced the blowby and the wear, resulting in 
uniform oil consumption and long life. 

In another case the oil consumption was quite extreme, 
difficulty being experienced in getting satisfactory perform- 
ance in overhauled engines. A beveled-back, tapered-face 
ring in the two top grooves and a beveled-back ring in the 
third groove corrected the problem. (See Fig. 21.) Here 
the torsional ring is used reversed in the bottom groove. 

These few examples are representative of the many tests 
and production runs where the torsional type of compres- 
sion ring has been used, together with a suitable oil ring. 
There are many other tests showing the same results. In 
fact, the results of the numerous tests have been so con- 





a Fig. 19-Rings 
used on engine given 
UM {1) 100-hr endur- 
yy ance test — average 
specific oil consump- 
a tion: 0.0046 Ib per 
Vt bhp-hr— average 
blowby: 0 in. of water 
in rear section; (2) 
300-hr endurance 
test — average spe- 
cific oil consump- 
tion: 0.004 Ib per 
bhp-hr - average 
blowby: 0.2 in. of 
water in rear sec- 
tion 














a Fig. 20 - Rings 
used on engine in 
which blowby was 
reduced, scuffing 
eliminated, and en- 
gine life increased 
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sistent that it is indicated without question that both 
blowby and oil consumption can be controlled throughout 
a reasonable period of time in all types of engines by use 
of the beveled-back torsional compression ring and an oil 
ring, both highly loaded and with their surfaces coated to 
withstand the particular conditions under which they 
operate. 

Coatings and loadings are mentioned in each case. A 
torsional ring must have a load sufficiently high so that it 
will hold its position in the groove, and all rings must have 
a load sufficiently high to maintain cylinder-wall contact at 
all times. Electrolytically deposited tin is the coating gen 
erally referred to. It helps form a more perfect seal be 
tween ring and cylinder wall and between ring and ring 
groove and aids in protecting these parts during the run-in. 
In the higher output engines the top ring is chrome-plated. 
In many cases tin plate has been added to chrome plate to 
improve compatibility. In fact, chrome plate against tin 
plate is a most satisfactory combination. 

These combinations of piston rings, the material and the 
surfacing, have all been developed or improved through- 
out the war period. They have all been run in war engines, 
in aircraft, tanks, and trucks, and proved in war engines, 
so consequently it can be said that they have corrected 
some of the problems of war. And since the problems of 
war are the problems of peace, then these same combina- 
tions will be used in more and more engines when the 
peace is declared. 


ws Fig. 2! — Rings 

used on engine in 

which oil consump- 

tion was reduced | 

and blowby elimi- , 
nated 
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Appendix | 


Piston-Ring Surface Treatment 
A. Chrome-plating procedure. 
. Preseated: 
. Degrease. 
. Rack. 
. Wax — stop-off. 
. Alkali clean —- 2-min dip — rinse in cold water. 
- Polish with a power-driven buff wheel. 
- Pumice with power-driven Tampico wheel. 
. Water rinse and swab with cotton mop to remove 
pumice. 

8. Cold-water-spray rinse. 

g. Reverse current 10 sec, exact, in chromic acid bath, 
2 amp per sq in. 

10. Plate—temperature 130 F-—250 g per | chromic 
acid -2.50 g per | sulfate—3'4 amp per sq in. current 
density. 

t1. Reverse in chromic acid bath, 1 amp per sq in. for 5 
to 9 min, depending upon preseating equipment. 

12. Cold-water rinse. 

13. Wire brush with power-driven wheel. 

14. Gage — thickness. 

15. Unrack and dip in alkali cleaner. Rinse in hot water 
and dip in hot soluble oil. 

16. Inspect. 

17. Heat-treat or water 212 F for 1 hr. 

b. Not preseated: 


Mkt WN eS 


=~ 
~ 


~ 
/ 


. Degrease. 
Rack. 
Wax - stop-off. 


Alkali clean — 2-min dip — rinse in cold water. 
. Polish with a power-driven buff wheel. 
Pumice with power-driven Tampico wheel. 
Water rinse and swab with cotton mop to remove 
pumice. 

8. Cold-water-spray rinse. 

g. Reverse current 10 sec, exact, in chromic acid bath, 
2 amp per sq in. 

10, Plate-—temperature 122 F-250 g per | chromic 
acid—2.50 g per | sulfate—3'% amp per sq in. current 
density. 
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1r. Reverse in chromic bath, 2 1/3 amp per sq in. for 
g min. 

12. Cold-water rinse. 

13. Wire brush with power-driven wheel. 
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a Fig. 22 —Dimensions for ring made of Electalloy N 
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m Fig. 23 —- Dimensions for ring made of Electalloy No. 2 


14. Gage — thickness. 

15. Unrack and dip in alkali cleaner. Rinse in hot water 
and dip in hot soluble oil. 

16. Inspect. 

17. Heat-treat or water 212 F for 1 hr. 


B. Altinizing procedure: 
1. Rack. 
2. Plate (to 0.0003-in. thickness). 
Plating bath: 
12 oz per gal sodium stannate 
2.25 oz per gal free caustic 
2 oz per gal sodium acetate 
165 F temperature 
35 amp per sq ft 
. Rinse — hot water. 
. Dry thoroughly. 
. Unrack. 


0D Vir w 


>. Parko-Lubrite procedure: 


a 


. Degrease. 
. Clean — 1 part (Magnus) MK3W 
5 parts kerosene 
Room temperature 

3. Hot-water-spray rinse. 

4. Immerse in Parko-Lubrite solution until evolution 
ceases (approximately 8 min). 

1 part Parko-Lubrite No. 1 

g parts water or 12-point solution 

Temperature 190 to 212 F 

. Hot-water rinse (immersion). 
6. Immerse in Oil Dag solution (14 min). 
1 part soluble oil 
25 to 50 parts water 
‘4 oz per gal Aquadag (colloidal graphite ) 

Temperature 150 F 


Appendix Il 


Calculations of Tensile Stress in Flexure at Heel 
of Ring at Extreme Outer Fibers and Calculo- 
tions of Modulus of Elasticity 


Electalloy No. r (AMS-7310) 


N 





The following calculations are based on a typical jaily 
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a Fig. 24—Dimensions for ring made of Electalloy No. 3 





it in the foundry of McQuay-Norris Mfg. Co. The 
fic heat is No. A-12094, individually cast. 


\ctual Ring Size: 
Diameter, 1n. 3.915 
Face width, in. 0.12375 
Radial thickness, in. 0.1538 
End clearance, in. 0.012 
Free gap, in. 0.6154 


Actual tangential load, lb 6.72 


2. Caleulation of Position of Neutral Axis (See Fig. 22 


y z 
h 
2.30258 (log R log R, 
0.1538 
R : —— — = 1.67943 
2.30258 (log 1.7575 — log 1.6037 
T 
R =R,-- — = 1.6806 
V.-=R—-R, 


V. = 1.6806 — 1.67943 = 0.00117 


Calculation of Tensile Stress in Flexure at Heel of Ring: 
; 2L (Rz — R,) 
S =_ ——___— 
VW1 
L = Tangential load 
2 X 6.72 (1.7575 — 1.67943 


——__________ = 47,100 pei 
0.00117 X 0.12375 X 0.1538 


alculation of Modulus of Elasticity: 


E= (= ) [ 14.1372 L ] 
a we 


C Active gap or actual measured gap minus end 
clearance 


R 3.515 \? 14.1372 x 6.72 
E= (= ) [= — = | = 15.2 X 10° psi 
0.1538 0.12375 X 0.6039 


Electalloy No. 2 


ll 





The following calculations are based on a heat poured 
in the foundry of McQuay-Norris Mfg. Co., St. Louis, Mo. 
The specific heat is No. B-1004-X, individually cast, pattern 
No. R-883-HT. Castings tempered at 1250 F for 1 hr. 


Actual Ring Size: 


Diameter, in. 6.144 
Face width, in. 0.1205 
tadial thickness, in. 0.264 
End clearance, in. 0.072 
Free gap, in. 1.112 


Actual tangential load, lb 15.67 
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2. Calculation of Position of Neutral Axis (See Fig. 23 


T 
Re . - . 
2.30258 (log R log R, 
0.264 
R, = 2.9380 
9 302958 (log 3.072 log 2.808 
a USO 10g ‘é tO . 
r 
R af R: - 
» 
0.264 
R 3.072 2 9400 
» 
is " R R, 
Ve 2.9400 2.9380 0.002 


3. Calculation of Tensile Stress in Flexure at Heel of Ring 


2L (R; R, 


S 
V.W7 
L Tanyential load 
2 X 15.67 (3.072 — 2.938 
S 66,000 psi 


0.002 * 0.1205 & 0.264 


4. Calculation of Modulus of Elasticity 


fr QR 14.1372 L 
= (+) |e] 
7 we 


( Active gap or actual measured gap minus end 
clearance 


. f 6.144 14.1372 & 15.67 
del oe Be ] 
0.264 0.1205 &* 1.0399 J 


22.2 X 10* psi 


Electalloy No. 3 
(Similar to DTD-485) 

The following calculations are based on a heat poured in 
the toundry of McQuay Norris Mfg. Co., St. Louis, Mo 
The specific heat is No. B-1012-X, pattern No, EX-152-2. 
Casting was in the form of a small pot, annealed at 1825 F 
for 3 hr, from which three rings were cut off. 


1. ActualJRing Size: 


Diameter, in. 5.147 
Face width, in. 0.112 
Radial thickness, in 0.216 
End clearance, in. 0.035 
Free gap, in. 0.912 


Actual tangential load, lb 12.875 


2. Calculation of Position of Neutral Axis (See Fig. 24. 
T 
R, = - 
2.30258 (log R. — log R, 


~1238 = W 
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a Fig. 25-Dimensions for ring made of Electalloy No. 4 
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0.216 
| R, 2 4639 


2.30258 (log 2.5735 — log 2.3575 . -0952 = W 
R R 








R 2.0095 2.4655 


4 } sa R R 


V, 2.4655 2.4639 0.0016 


Mi 





4. Calculation of Tensile Stress in Flexure at Heel of Ring 


i] 2L (R, R, 
#| S ve 


2.7325 
w 
to 
2.6079 ne 
eo) | 
Bis 
ik 
A 
> 
2492 = 




















| VW a} @ | 
| gi. a] & i 
L Tangentiai oad t OlR. oO © | ~ 
i} 2 X 12.875 (2.5735 2? 4639 co 0° @ | a | 
ii S 72,900 ps ° e ae 
0.0016 * 0.112 * 0.216 nN ° | 
N | 
t. Calculation of Modulus of Elasticity $ ina 
2R; \ 14.1372 L a Fig. 26—Dimensions for ring made of DTD-485 
e- (+) ] 
ig WC 
( \ctive gap or actual measured gap minus end 


3.515 14.1372 6.9 
clearance E ( ) [ : ] 15.6 LO! 
155 0.1238 x 0.582 
5.147 "14.1372 & 12.875 0.1558 4 
I: ( ) [ |; 24.9 & 108 psi 
0.216 0.112 X 0.877 
DTD-485 
These calculations are based on ring blanks rec 


Electalloy No. 4 . from the foundry of Campbell, Wyant & Cannon ( 


These planks, after cam turning and cam boring, ar 
lhe tollowing calculations are based on a heat poured in 





Ta ‘es 3 off from a sleeve 5% OD x 4 45/64 ID x 12% in. long 
; the foundry of McQuay-Norris Mfg. Co., St. Louis, Mo. . 
The specific heat is No. B-1243-X,. individually cast, heat- 
treated at 1075 F for 1 hr. 1. Actual Ring Size: 
i F Diameter, in, 5.465 
l. Actual Ring Size a 5 : ; 
: : 9 £1 Face width, in. 0.0952 
Diameter, in. 3.515 ; | 
| ith Radial thickness, in. 0.2492 
‘ace width, in. 0.1238 ; 
| itl End clearance, in. 0.060 
{adial thickness, in. 0.1558 ; 2 
i | : uickmne i Ts) Free gap, in. 0.850 
{nd clearance, in. 0.012 eA 
: wanes Actual tangential load, Ib 12.625 
Free gap, in. 0.594 . af iy 
, 2. Calculat f Position of Neutr: xis (See Fig. 2! 
Actual tangential load, lb 6.9 2 ws ee 9 - ! 3 | 
2. Calculation of Position of Neutral Axis (Sec Fig. 25. R > 30258 inn R = R 
T 
R 0.2492 as 
a 30258 og R ogo P, :. 2 HOD 
8 (log R log fi 2.30258 (log 2.7325 — log 2.4833 
0.1558 on 
R 1.6784 7 
2.30258 (log 1.7575 — log 1.6017 R =R; = 
r 2 
R =R 0.2492 ae 
2 R = 2.7325 . 2.6079 
9 
O.155S8 3 
R Bye) 1.6796 : 
2 Ve. = R — R, 
V. = 2.6079 — 2.60592 = 0.00198 
Ve R R,. . 
2 ee ee ’ Tensile Stress i Me e at el of Ring 
Vo 1.6796 1.6784 = 0.0012 . Calculation of Tensile Stress in Flexure at Hee 
: . 7 . : a ; 2L (R2 — Rp) 
3. Calculation of Tensile Stress in Flexure at Heel of Ring: Ss = V wr 
2L (R: — R ‘ fe 
S vw : L. = Tangential load 
, P. 2 X 12.625 (2.7325 — 2.60592) 
L langential load S = vine ———— = 68,000 ps 
o 0.00198 *« 9.0952 * 0.2492 
‘ 2 X 6.9 (1.7575 1.6784 : 
s 7,200 ps ee eee . - an 
0.0012 X 0.1238 & 0.1558 . I 4. Calculation of Modulus of Elasticity: 
: ; . ; r 2R2 \3 14.1372 L 
#. Calculation of Modulus of Elasticity: E = ( _ gee a2 
z a we 
% 2R, ” 14.1372 L ' . é ; 
S= ( T a C = Active gap or measured gap minus end cleara 
C heal i ; hel EB 5.465 ) [ 14.1372 x | as et 
= Active gap or measured gap minus end clearance 7 = | ——_—__ a = 25 Xx 
sin ate ( 0.2492 0.0952 x 0.790 
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Basic Factors of Helicopter Design 


by R. H. Prewitt 


Kellett Aircraft Corp. 





RESENTED here are the basic factors of heli- 

copter design; and in addition, the paper 
shows a method of designing a helicopter so that 
it will have optimum efficiency for both hovering 
and cruising flight. 

Further extension of helicopter design invoives 
the use of a chart on which an efficiency factor 
versus operating blade light angle is plotted. All 
deviations from the theoretical expressions are 
compensated on this chart, which provides an 
overall comparison and design aid. 


THE AUTHOR: R. H. PREWITT (M °44), vice-presi 
t and chief engineer of Kellett Aircraft Corp., has had over 
3 years of experience in the design of autogiros and heli 
ters, having passed through the design stages of aero 
lynamics and detail design at Kellett. Mr. Prewitt, a gradu 
te of Purdue University, is chairman of the Helicopter 
mmittee of the SAE Special Aircraft Projects Subdivision. 





HE purpose of this paper is to present the known and 

proved basic factors of helicopter design in simplified 
form. In addition, the paper shows a method of designing 
a helicopter so that it will have optimum efficiency for 
both hovering and cruising flight. A further extension of 
helicopter design involves the use of a chart on which an 
efliciency factor versus operating blade lift angle is plotted. 
\ll deviations from the theoretical expressions are com 
pensated on this chart, which provides an overall compari- 
son and design aid. 

lhe lifting capacity of a helicopter in fixed sustentation 
depends upon: 

(a) The power supplied to the rotor. 

(b) The area of the rotor disc. 

(c) The operating angles of attack of the blade elements. 

(d) Operating altitude. 

(e) The blade form. 

This report is concerned primarily with the first four 
factors. Item (e) is covered by Reference 2. 


™ Relationship of Power Loading, Disc Loading, 
Figure of Merit, and Altitude 
(a) Rotor Thrust — The thrust of a rotor in fixed sus- 
tentation is the product of the mass of air passing through 


the rotor per second and the acceleration of that mass of 
air. The mass of air is 4Vig, where A is the disc area 


[This paper was presented at the SAE War Engineering-Annual 
Meeting, Detroit, Jan. 10, 1945.] 
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in sq ft, Vy is the velocity through the rotor disc in fps, 
and ¢ is the mass density of the air per cu ft. The a 
celeration of the air is the change in velocity. In the cas¢ 
of a helicopter in fixed sustentation, the velocity is zero 
at a great distance above the rotor and maximum just 
below the rotor. The acceleration is from zero velocity to 
the down-flow velocity V2 just under the rotor. 


The expression of rotor thrust becomes: 
T = AVipV 
It can be shown that the velocity of down flow V2 just 
after passing through the rotor is twice the velocity of flow 


V’, at the time the blades strike the air, or V2 
substituting in (1) (Reference 6): 


T 2AV,"p 


(b) Theoretical Power Required for Sustentation — The 


2V, and 


theoretical power required for sustentation is the product 
of the thrust T of the rotor and the velocity of flow V, 
through the rotor disc. This relationship may be written 


in terms of horsepower as follows 


TV; 
HP ~ 
550 
or aes 
550 HP 
Vi = 
1 


(c) Relationship of Lift, Dise Area, and Pow®r Require- 
ments —By equating the values obtained for the flow 
through the rotor V; as shown in equations (2) and (3), 
a simplified expression of the fundamental relationship of 
thrust, power, disc area, and air density (altitude) is 
obtained: 

7 
VT/A NV 1/2p 550 HP/T or T/HP \ H5OV 2p 


or 
ie B a9 
\ 38 at sea level where p 0.092375 i 
HP A 


Since T/HP is the power loading PL and T/A is the 
disc loading DL, both frequently used terms in helicopter 
design, equation (4) provides a convenient means of com- 
paring helicopter rotor efficiencies. It may be expressed in 
the form shown below to incorporate density altitude and 
figure of merit M. 


PL VDL Vp./p = 38M 
m Figure of Merit 


The figure of merit M is the ratio of theoretical power 
requirements shown in equation (4) divided by the actual 


See Fig. 1. 5 
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power requirements of a given helicopter in fixed susten- 
tation; that is, the actual power requirements will be 
greater than the theoretical power requirements by power 
losses from the following sources: 

Power is consumed in turning the blades even though 
no lift is being produced. This is commonly called profile 


loss. 


To produce optimum distribution of lift over the rotor 
disc, the blades should be tapered in plan form toward 
their tips and should be twisted so that each of tht ele- 
ments along the blade span operate at an efficient angle of 
attack. Seldom, if ever, are optimum plan form and twist 
obtained. 


(a) Rotor Thrust —It can be shown that the thrust of a 
helicopter rotor having constant disc loading over the disc 
area and constant angle of attack of the elements along the 
blade span (twisted blades) is: 

7 pC ioA wR)? 6 


Reference 6 (6) 


where ¢ 1s,mass density; Cy is the lift coefficient of the 
blade elements; ¢ is the solidity or ratio of blade area to 


swept disc area; A is the area of the rotor in sq ft, and oR 























is the rotational tip speed of the rotor blades in fps 
The blade area is ¢4 and the blade loading is: 


BL = T/cA = DL/o 
(b) Coefficient of Lift C,-— Substituting T from | 
tion (6) in Equation (7): 
BL 


wR)? 


BL = pC 1 (wR)?/6 or pt 6 x 

Equation (8) provides a convenient means of comp: 
efficiencies of helicopter rotors in fixed sustentation \ 
the quantity pC;,,/6, termed C, for convenience, is plot: 
against figure of merit M. The value of lift coefficient ¢ 
varies with pitch setting of the blades and with the flow 
down through the rotor. The actual value of the lif 
coefficient of the blade elements would be difficult to deter 
mine directly; however, it may be easily determined by the 
ratio BL/(@R)?. 

Fig. 2 shows a plot of the figure of merit M versus 
¢C,,/6 or C, for two helicopter rotors in fixed sustentation 

When sufficient data are available from model and ful] 
scale flight tests, in the form shown in Fig. 2, the stati 
lift of helicopters may be accurately determined. Likewis: 
the effects of blade twist, plan form, chordwise center of 
gravity, and airfoil characteristics can be accurately com 
pared, provided tests are conducted at, or corrected to, the 
same Reynolds number. 


4 


= Maximum Lift of Helicopter 


Equation (5) may be rearranged to give the maximun 
load that a given helicopter can lift in fixed sustentation 
(no wind): 


: 


, V «x [38 M 


= (HP) R}2p Po .) 


The figure of merit M may be expressed in coefficient 
form as follows: 


M = C;7?! 
where Cr is thrust coefficient and Cg is torque cor flicient 


(Reference 6). 


2/V2 Co 


The value of \/9./p or 9/9, makes equations (5) and 
(6) adaptable for altitude calculations where ¢, is the 


density at sea level, and p and HP or PL are the values of 
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and power or power loading at the altitude being 
gated, and R is the blade radius in feet. 


= Optimum Rotor Blade Dimensions 


high speed of helicopters is largely a function of the 

te drag, power loading, and tip speed ratio. For 

ple, helicopters which have relatively high parasite 

as in present stage of development, may be expected 

ve speeds versus power loading in the neighborhood 
values given in Table 1. 


Table 1— Variation of Speed with Power Loading 


Power Loading Approximate Estimated Cruising Speed 
T/HP (PL)* Top Speed, fps 75% of Top Speed 
8 205 154 
10 190 142 
12 175 131 
14 160 120 
16 145 109 


. 
* Power loading is based on power supplied to the rotor. 


From Table 1 it may be seen that the powér loading to 
the rotor is a determining factor for the cruising speed of 
the helicopter; therefore, a power loading may be selected 
based on cruising-speed requirements. 

(a) Rotor Diameter — Having selected the power load- 
ng PL and an arbitrary value for the figure of merit M 
fron Fig. 2, the disc loading DL for vertical sustentation 
ta given altitude may be determined from Equation (5). 
The disc area will be the gross weight (denoted by T) 
divided by disc loading DL. The blade radius may be 
calc lated from Equation (10): 


T/DL = xR? 


‘ nr 
R = 1 ——_— 
xr (DL - 


(b) Rotor Speed and Solidity-—1. For Fixed Sustenta- 
won: 
From Equations (7) and (8): 
BL = w? R? C, = DL/oe 
ow? = DL/R*C, 
o¢ = DL/(ewR)*C, 11 


Having already determined the values of disc loading 
DL, blade radius R, and the coefficient C, from Fig. 2, the 
quantity ¢@* is a constant. Thus, for the condition of fixed 
sustentation the optimum relationship between solidity ¢ 
and rotor speed @ in radians per sec, is evaluated by 
Equation (11). 

While considerable latitude is available in selecting 
alues of ¢ and @ for optimum fixed sustentation power 
requirements, if consideration for efficiency at cruising 
speed is taken into account, the values of ¢ and w become 
more nearly fixed. 

2. For Forward Flight: 

While little is known of the efficiency of helicopter rotors 
in forward flight, some information is available for the 
etciency of autogiro rotors in forward flight, and there is 
reason to believe that helicopter efficiencies in forward 
fight will be similar to those obtained for the autogiro. 
lest results of a full-scale autogiro are shown in Fig. 3. 
It may be noted that the maximum lift-drag L/D ratio 
occurs at a forward speed to tip speed ratio of approxi- 

ly 1/3. 
y 
wR 
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If it is desired to obtain maximum rotor efficiency at 
cruising speed, then substituting the value of cruising spe« d 
in fps (see Table 1) into Equation (12) and establishing 
the value of the tip speed ratio » for maximum rotor efh 
ciency gives the optimum tip speed @R for the cruising 
condition. Dividing the value of optimum tip speed @R 
by the known blade radius R produces the optimum rotor 
speed © in radians per sec. 

The optimum value of solidity ¢ may now be determined 
by substituting the rotational speed into Equation (11) 
Equation (13) shows the re lationship of ¢ with all of the 
values determined above: 

o = DL/(V/p)*C. eee) a 13 
VC, 
where » is the tip speed ratio of maximum efficiency L/D 
for cruising speed V in fps. Fig. 4 shows a plot of Equa 
tion (13) having fixed values for » and C,. 

Further considerations for obtaining maximum efficiency 
involves the number of blades, coning angle, and blade 
weight, which are fully discussed in Reference 2. , 

There are compromising factors which enter into the 
design of rotor blades for helicopters: 

(a) The transmission may become excessively heavy for 
a slow-turning, high-torque rotor. 

(b) The blades of a slow-turning rotor may be either 
excessively heavy or have excessive coning angles. Calcula- 
tions for blade weight are given in Reference 2. 

(c) Ship roughness originating in the rotor is more 
likely to occur when the tip-speed ratio V/@R becomes 
greater. 

(d) The sum of the forward speed and the rotational tip 
speed @R should remain sufficiently below the speed of 
sound to avoid rotor noise and compressibility effects. 
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RGANIZATION of the Office of Chief of 
Ordnance and its vital role in supplying 
needed equipment and materiel to the Armed 
Forces is discussed by Col. Colby, who describes 
how the modernization of military vehicles by the 


Ordnance Department is helping to win World 
War Il. 


By stressing the development of those com- 
ponents which make up a machine, Ordnance 
has been able quickly to turn out a new vehicle 
with new tactical concept that supersedes in 
mechanical reliability and efficiency. 


It has carried out the aim of development in 
“achieving more with less." 


THE AUTHOR: COL. JOSEPH M. COLBY (SM °43) is 
chief of the Development Division, U. S. Army Ordnance 
Department, Office of the Chief of Ordnance — Detroit. Col. 
Colby has served in the Army since graduating from West 
Point in 1929. Backed by a number of important assign 
ments in the Ordnance Department, to which he was trans 
ferred in 1931 after spending two years as a Cavalry officer, 
the colonel was appointed to handle the Ordnance end of 
Lend-Lease equipment sent to the Middle East. For his 
services rendered in that area, Col. Colby was decorated with 
the Order of the British Empire by King George VI. 





ontributions of Industete 
Automotivee! 





N World War I, the Army Ordnance Department made 


its acquaintance with production facilities of industry. 

In World War II, the Army Ordnance became ac- 
quainted with industry’s engineers. 

The early phases of this war demonstrated the great 
military advantage of substituting horsepower for man- 
power. As a result, fewer men on the battlefield can 
handle greater firepower, are more mobile, and can carry 
their armor protection with them. Assuming leadership 
and trained manpower to be equivalent, the only advan- 
tages which one army has over the other is in its equip- 
ment. Hence, it is essentiai that our technical people not 
only keep abreast of toreign developments, but be far in 
advance of them. Our great Chief of Ordnance, Lt.-Gen. 
Levin H. Campbell, Jr., in the early stages of this war 
when there was great pressure to stop development and to 
freeze design for the duration to facilitate production, said, 
“I am firmly convinced that this war will be won by weap- 
ons not yet designed.” He insisted that development 
continue at an accelerated rate. It is interesting to examine 
our production schedules and to note that of all track-lay- 
ing combat vehicles now being produced, all but two 
have been developed in the past two and one-half years. 
The remaining two are fast becoming obsolete, and new 
equipment has been developed to take their places. The 
huge requirement for new tanks, tank destroyers, armored 
cars, self-propelled artillery, tractors, cargo carriers, per- 
sonnel carriers, command cars, snow vehicles, amphibious 
craft, airborne vehicles, trucks, trailers, ambulances, motor- 
cycles, scooters, and bicycles, all of many sizes and varia- 
tions, made it necessary to bring military engineering out 
of the secret rooms of the War Department and to de- 
centralize it to engineering organizations of industry. 

All illustrations official U. S. Army photos. 


[This paper was presented at the SAE War 


Engineering-Annual 
Meeting, Detroit, Tan. 11, 1945.] 
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General Campbell reorganized the Office, Chief of Ord- 
nance, creating at that time the Research and Development 
Service, which he placed under the leadership of one of 
the world’s greatest military engineers, Major-Gen. G. M. 
Barnes. General Barnes divided his office into product 
groups, with missions to his assistant chiefs, basically as 
follows: 

a. Forward-looking research and development in order 
that development of functional design objectives may be 
achieved when new military requirements appear. 

b. Close liaison with scientific and engineering groups, 
and with the National Inventors’ Council to insure recogni- 
tion and the use of latest technological developments. 

c. The analysis and study of the performance of our own 
and enemy equipment on the battlefield. 

d. The definition of the military problem, that is, the 
translation of military characteristics into design character- 
istics in order that the work done by these engineers may 
be quickly reflected in new and improved equipment on 
the battlefield. 

e. The supervision of development design, the produc- 
tion of pilot models, and their proving ground and service 
tests, to insure that functional objectives have been 
achieved, that reliability of operation, simplicity of mech 
anism, and accessibility of components have been attained, 
and that the maximum standardization of parts has been 
accomplished to facilitate the field problems of supply 
and maintenance. 

During August, 1942, those divisions of the Office, Chief 
of Ordnance which dealt principally with tank-automotive 
equipment were moved to Detroit to form a tank-automo 
tive product center in the heart of the automotive area. 
The Office, Chief of Ordnance-Detroit is now under the 
able leadership of a pioneer in the advancement of mech- 
anized equipment — Brig.-Gen. Walter P. Boatwright. 

The pattern of dealing with industrial groups had 
already been established by the Ordnance district system. 
This widespread decentralized organization informs the 
Development Divisions of the Ordnance Department of 
available engineering capacity to do needed work. They 
negotiate the necessary contracts, do all legal and fiscal 
work, facilitate procurement of supplies, and inspect and 
accept the product for the government. The engineering 
supervisory responsibility remains with the Development 
Divisions. 

We could have amassed all the engineering work under 
a great centralized governmental engineering center, which 
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would have advantages from a supervisory point of view, 
but the system selected is sound because it leaves the engi- 
neering groups near their experimental facilities, and it 
retains and fortifies the engineering groups of our indus- 
trial organizations, permitting them to enter the post-war 
era with balanced organizations. 

The production advantages of using standard com- 
mercial components had to yield to new design giving 
greater consideration to functional concept, ruggedness, 
dustproofing, waterproofing, corrosionproofing, minimum 
bulk, and minimum weight. Military engincering requires 
adventuresome pioneering minds, yet these must be sound 
and rational. Engineering mistakes can be just as fatal 
in war as tactical errors. The time element has new im- 
portance. I have seen developments become obsolete be- 
tore they were completed. A new mechanism has its 
greatest pay-off only if it reaches the battlefield in quantity 
before the enemy has time to develop a countermeasure. 
Our need of you, and your desire to be of service have 
brought us together into a functioning team which has 
ceveloped mechanized equipment that now largely domi- 
nates all the Allied battlefronts of this war. I consider 
this teamwork to be the finest expression of the working 
of an intelligent democracy. The result of this teamwork 
between industry and Ordnance cannot now, and never 
will be, fully revealed. A brief sampling of some of the 
new developments which are authorized for publication 
is justified at this time, thus giving an indication of the 
contributions of the American engineering profession to 
tank-automotive design. 

The field, of wheel transportation is largely an adaptation 
of standard commercial vehicles, or vehicles which have 
been designed in accordance with commercial procedure. 
Hence, in this field, the change of engineering thought 
is not as radical as that in combat vehicle design. 

The greatly expanded truck program, the news stories 
and pictures of the Red Ball Highway from Cherbourg 
to the front, and the shortage of tires are all indications 
of the tremendous importance of wheel transportation to 
the mobility of armies. We are all aware that the her- 
culean problem of supplying mobile, mechanized units, such 
as those which raced through France, has not been wholly 
solved. Supply exhaustion halted our troops along the 
Siegfried Line after their breakthrough on the Normandy 
Beachhead. The railroad, the principal means of military 
transportation in World War I, must, with the advent of 
aircraft and mechanized equipment, be supplemented by 
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a Fig. | - Aircooled engine with torque converter type of trans- 
mission as installed in 76-mm gun motor carriage M18 —con- 
sidered a nearly ideal installation 








wheel motor transportation. Our aircraft seck to destroy 
the transportation facilities supplying the enemy. What 
we fail to destroy, he does himself as he retreats. Rail 
roads are particularly suitable to this type of destruction; 
kence, when the armies move with the rapidity of mech 
anized warfare, the railroads are left behind and the only 
means of supply is by motor transportation. I do not 
mean to diminish the importance of rail, but I do- stress 
that in modern war the railroad must be supplemented by 
motor transport. Further, motor transportation has per- 
mitted armies to move in areas where railroads were not 
available. 

Development stress is now being placed on large ca 
pacity, all-wheel drive, high ground clearance, flotation 
tire-wheeled transport vehicles. 

In the field. of tactical or battlefield transportation, the 
round wheels have given way largely to tracks. “When 
in doubt use tracks” is now a popular adage. There is a 
borderline field, however, where the potentiality of the 
wheel has not been fully exploited. We are investigating 
this field now. Tracks should never be used where wheels 
will do the job. We will continue to need cooperation in 
the field of wheeled-vehicle development engineering. 

We entered this war with the light tank M3, and the 
medium tank M3. In May, 1941, before Pearl Harbor, the 
design of the medium tank M4 was settled and the de- 
tailing sufficiently complete to begin the construction of 
pilot models. These were details designed by the Ordnance 
Department, but they could never have been made without 
assistance of many in industry who, during the develop- 
ment period dating back to 1931, when funds were not 
available, contributed time and material with little hope 
of sufficient pecuniary reward to cover their expenses. They 
were good tanks. Major-Gen. A. H. Gatehouse, whom 
many of you know, commanding the 4th Armored Brigade 
(British), equipped with 166 light tanks M3 in November 
and December, 1941, was principally responsible for the 
defeat of the German Afrika Korps when they were driven 
from the vicinity of Solum west to El Agheila. Winston 
Churchill stated before Parliament that, “The General 
Grant (medium tank M3) stopped Rommel at El Alamein, 
the General Sherman (medium tank M4) defeated him.” 
Even by the reluctant testimony of our enemy, the M4 
was hailed as the best tank on the battlefield. Their early 
success developed a feeling of overconfidence among many. 
Our development program was considerably hampered in 
1942 and 1943 by the theme “We'll win the war with the 
M4.” However, there were also those who realized that 
the Germans would not rest content with equipment with 
which they had been defeated and that development had 
to be pushed in order to get new equipment on the battle- 
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a Fig. 2-Light tank M5 


field. The Ordnance Department continued intensive 
development on tanks and other tracklaying equipment. 

To make a thing bigger Coes not necessarily mean that 
it is better. The aim of development is “to achieve more 
with less.” The basic theme of tank design is to get the 
most of firepower, armor protection, and mobility with the 
least weight. 

The development of any machine centers basically on the 
development of those components which make up the 
machine. Hence, our development program has stressed 
the development of components in order that military 
vehicles, for any purpose and of any size, can be con- 
structed of thoroughly proved and tried elements. This 
enables us to quickly turn out a new vehicle with new 
tactical concept in the least time and with the best assur- 
ance that this vehicle will be mechanically reliable. 

The following characteristics are paramount in the con- 
sideration of any tank component: 

a. The component must function reliably as intended. 

b. The component must be of minimum bulk. This is 
a space design consideration, resulting in the minimum 
area of the armor-plate envelope. The minimum armor 
envelope results in a minimum weight. 

c. The component must be of minimum weight. Many 
people do not appreciate the importance of minimum 
weight demands. Our payload consists of guns, ammuni- 
tion, and armor plate. Forty pounds of weight means 
1 sq ft of ‘armor plate, 1 in. thick, in front of a soldier’s 
head. 

The ideal powerplant for a tank would provide a horse- 
power-to-weight ratio of approximately 20 hp per ton. The 
76mm gun motor carriage M18, and the airborne tank 
M22, because of their light armor basis have been able 
to achieve this ideal. Size and bulk of large powerplant 
installations, with provision for suitable cooling and with 
an adequate power train (Fig. 1), normdlly requires such 
bulk with resulting increase in weight, as to make this 
high horsepower-to-weight ratio impractical for the heavier 
tanks. Developments are nearing completion now which 
will considerably aid this condition. We would normally 
prefer air-cooled engines for tanks because less air is re- 
quired for cooling and less difficulty is experienced when 
operating at the extremes of temperature. The radial 
aircooled Rg75-C4, as installed with a torque converter 
type transmission in the 76-mm gun motor carriage M18, 
is considered a near ideal installation. The V-8 water- 
cooled engine designed and manufactured by Ford Motor 
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Co. for Ordnance has been a very satisfactory engine be 
cause it has met functioning, bulk, and weight require 
ments. The twin Cadillac engines, as used in the light 
tank series, have also given excellent performance. It 
is our desire to standardize on a series of engines with a 
standard cylinder, but it is doubtful if technological ad- 
vancements, not only in reciprocating engines, but also in 
other fields, such as gas turbines, will ever allow us to 
fully reach this ideal theme of standardization. 
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1e effective utilization of power developed by an en- 
is determined largely by the mechanism transmitting 
power to the ground. Our trend in transmissions is 
ird the infinitely variable type where full power of 
engine is available at any speed of the vehicle, and 
re shifts by the driver are not required, but are done 
matically, or by fingertip shift under full torque load. 
elimination of the clutch and the substitution of the 
types of transmissions have increased reliability, de- 

ised maintenance, increased overall performance, im- 

ed maneuverability, and decreased driver’s fatigue. 

ur controlled differential type of steering, brought 

tank design in 1932-1933, has been a simple solution 
the steering problem and has resulted in very reliable 
rformance of American vehicles. Industry is working 
steering mechanisms for us which will include other 
portant characteristics, such as fingertip control and 
ot turning, but these features will not be incorporated 
design at the expense of reliability. 

Because of the development of high-power internal-com- 
ustion engines of lighter weight and reduced bulk, avail 
le horsepower is no longer the limiting factor of mobil- 
ity over battlefield terrain. That factor limiting speed is 

e mechanism which irons out the irregularities of the 
zround, so that shock and impact transmitted to the per- 
sonnel and equipment within the hull are reduced to a 

jinimum. This mechanism, which provides flexibility and 
shock absorbing capacity between road wheels and the 
hull, is known as the “suspension.” 

There are other corollary vehicle characteristics which 
are determined by the suspension, and which warrant con- 
sideration when discussing this subject: 

a. Suspension affects comfort and safety of the crew, 
ind is a determining factor limiting their endurance. 

b. Suspension affects the reliability of other tank com- 
ponents in proportion to its ability to absorb shock, which 
might otherwise be transmitted to the components. 

c. Suspension affects the stability of the firing platform. 
Amplitude and frequency of pitch and roll of the vehicle 
affect the gunner’s ability to deliver effective firepower, 
whether or not the gun is stabilized. 

d. Suspension affects obstacle-crossing ability. A sus- 
pension, which provides for greater vertical movement of 
wheels, will enable the vehicle to negotiate higher and 
more abrupt obstacles. 

e. Suspension affects tractive ability. A suspension, 
which permits the track to conform to irregular terrain 
features, permits more effective grouser action with result- 
ing increase in tractive ability. 

Hence, any such mechanism which contributes so gen- 
erally to the important military characteristics of a combat 
vehicle, merits and receives the careful attention which it 
deserves. 

The existing volute spring bogie suspension, as used on 
the light tanks M3 and Ms (Fig. 2), and the medium 
tanks M3 and M4, are simple and reliable and have done 
remarkably well on American tanks, but this standard 
suspension is subject to criticism from a functional view- 
point, where speed may be included in the basic concept 
of the vehicle. The bogie type suspension is designed to 
permit a portion of the wheel’s vertical travel by articula- 
ton or “walking beam” action. Only a small vertical rise 
is permitted against springs. This type of suspension func- 
tions as intended at speeds below to mph. As speed is 
increased, the effect of articulation is lost with the entire 


September, 1945 








bogie unit pancaking to the ground, leaving only limited 
spring action to absorb shock. The spring curve for a 
wheel of the bogie of the light tank Ms is shown in Fig. 3. 
Vertical wheel travel is 344 in. against a maximum com- 
pressive spring stress of 9500 lb. The area A, under the 
curve, represents the capacity of this suspension to absorb 
shock. Obviously, great iniprovement in ride could be 
niade if the wheel travel against the spring could be 
increased. 

The answer to the problem is the elimination of the 
bogie-type suspension for high-speed work, and the sub- 
stitution, therefore, of an individually sprung wheel sus 
pension, incorporating the maximum in wheel travel. See 
Fig. 4. This was recognized early in the development of 
high-speed combat vehicles, such as medium tank T3Ea2, 
and found its finest expression in 1933, in the individually 
sprung .wheel suspension of the combat car T4 (Fig. 5). 
These early suspensions, however, were subject to severe 
design criticism because they occupied from 12 to 20 in. 
of inside hull width of the combat vehicles. Width is the 
most critical combat vehicle dimension. 

An answer to this objection was the use of the torsion 
bar suspension, which would occupy no inside width of 
the tank. In 1933, a torsion bar suspension was designed 
and submitted for patent by the Ordnance Department, 
but limitations in funds made further development im- 
possible. As a result, we entered the war with our well 
proved and tried volute spring bogie suspension. 

As soon as the initial pressure of arming ourselves and 
cur Allies was over, and funds and engineering personnel 
were made available, work was renewed on torsion bar 
suspension development, so as to obtain its functional ad- 
vantages for our high-speed vehicles. Early development 
tests were conducted om a medium tank M4E4. The 
76-mm gun motor carriage (T70) M18, designed for use 
by the Tank Destroyer Command, with a top speed of 
55 mph, was the first production vehicle to be so equipped. 
The functional objectives were achieved in these initial 
designs, and this type suspension developed great popular- 
ity with all personnel who came in contact with it. 

The light tank M24, now in production, included its 
torsion bar suspension in ‘ts initial design. See Fig. 6. 
Load-deflection diagram of the suspension of this vehicle 
is shown in Fig. 4. Here, each wheel has a maximum 
vertical movement of 74 in. from static load position to 
slam. The area 4 under the torsion bar spring curve 
shows that the capacity of the individually sprung torsion 
bar of the light tank M24, has 5.6 times the shock absorb- 





a Fig. 5- Individually sprung suspension has found its finest ex- 
pression in early development in combat car T4 shown here 
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a Fig. 6— Light tank M24 incorporated torsion bar suspension in its initial design 


ing capacity of the volute spring bogie suspension on the 
light tank Ms. To further increase the shock absorbing 
capacity of the suspension, a volute spring bumper comes 
into action after approximately 4% in. of vertical wheel 
movement. As indicated by area B, the shock absorbing 
capacity of the bumper spring increases the area under the 
spring curve by half the area under the bogie spring curve. 
In addition to the volute spring bumper, double-acting 
shock absorbers are placed on the two fore and two aft 
wheels of the suspension. Not only do these shock ab- 
sorbers damp out the high amplitude pitch tendency of 
this suspension, but they are capable of absorbing the 
energy within the shaded area C, which indicates a ca- 
pacity equivalent to more than 5.4 times the capacity of the 
light tank M5, bogie suspension. 

Fig. 7 shows the horizontal volute spring suspension, 
which was developed for application to the standard 
medium tank Mg series. Increase in weight due to in- 
creased firepower and armor protection made adjustments 
necessary to provide for increased ground flotation and 
improved spring, bogie, and track life. 

In summarizing, it is seen that over good terrain, where 
wheel travel is low, a soft ride is obtained because of the 
low rate of the torsion bar springs. As the terrain becomes 
rough, and the wheel movement is increased in amplitude, 
the bumper spring and the double-acting shock absorbers 
are brought into play, increasing the shock absorbing ca 
pacity of the system to the maximum total, which is 11 
times the shock absorbing capacity of the light tank M5 
bogie suspension. Much of the force of rebound is ab- 
sorbed by the reverse action of the shock absorber. These 
items explain why the torsion bar is here to stay. 

Another mechanism of interest, in this new suspension, 

known as the track slack compensator. With high 
amplitude movement of the road wheels, there is a ten 
dency of the track to become slack when either the fore or 
the aft wheels are fully raised. To overcome this ten 
dency of track slackness, the design of the 76-mm gun 
motor carriage M18 provides linkages between the front 
wheels and sprockets, and between rear wheels and idlers. 
When the fore and aft wheels are raised, the idler or 
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capacity. 

Tracks provide flotation for neg 
tiating soft terrain and bridging of 
gaps for negotiating obstacles. Re 
verse silhouettes (Fig. 8) indicate the 
trend to increase track width in order to reduce unit 
ground pressures. Grousers insure tractive effort. The 
track is the most abused part of the tank, can be a source 
of great power absorption, is subject to great wear, and as 
a result, is one of the most difficult problems in high-speed 
tracklaying development. Deep steel grousers are desired 
for operation in mud and clay, but these tear up roads and 
decrease tractive effort on surfaced highways. Rubber 
tracks are normally desired when long moves are contem 
plated over highways. It appears, at this stage, that the 
best all around track is the rubber chevron track (Fig. 9 
which provides for reliable operation on improved high 
ways, and provides quite satisfactory performance on battle 
field terrain. The rubber joint, which was brought int 
our design in 1933, eliminates the objectionable pin wear, 
reduces friction losses, and cushions power train shocks. 

Great strides have been made in the field of developm« 
of electrical equipment. The adoption of the 24-v electrical 
system, the requirement of suppressing electrical inter 
ference to radio operation, and the problem of protecting 
this equipment from dust, moisture, corrosion, and the 
effects of salt water were relatively new to the automotive 
and aircraft fields. Fuses, switches, junction boxes, light 
bulbs, generators, coils, batteries, gages, instruments, and a 
host of other electrical equipment needed complete rework 
ing. A waterproofed metal-clad distributor is shown 
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= Fig. 7— Horizontal volute spring suspension for medium tonk M4 
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a Fig. 8-Track silhouette chart —left: for medium tanks; right: 
for light tanks 


Early problems relative to air cleaners were basically: 

a. Increase in air cleaner efficiency. 

b. Increase in service life. 

c. Development of air cieaners for high horsepower 
engine S. 

d. Program of standardization leading to reduction of 
number of types. 

e. Consideration of air cleaner installation, with par- 
ticular attention paid to ruggedness, freedom of leaks, and 
location of air inlet at point of least dust concentration. 

t. Through group action of air cleaner manufacturers 
and the SAE War Engineering Board, a single air cleaner 
which meets military requirements is now used on all 
vehicles, except jeeps, up to and including 2'4-ton trucks. 

All types of Ordnance engines, combat and transport 
vehicles, stationary and auxiliary, are designed to operate 
en $0-octane, high-additive concentration gasoline. In ad- 
dition, all but the combat vehicle engines should be readily 
adjustable to operate on gasoline of 72 octane or lower. 
For diesel engines a 40-octane fuel is provided. Cold- 
weather gasoline and diesel fuel are available as needed. 

Considerable study has been made of fuel systems, par 
ticularly to eliminate the possibility of vapor lock and to 
provide easily maintained and replaceable fuel lines, fit 
tings, and valves. 

Only one type of engine oil is provided. It is a heavy 
duty, detergent oil in three grades SAE 10, 30, and 50. 

For gear lubrication in combat vehicles, the same grade 
of oil is used as for the engine. For other applications, one 
‘ype of universal gear lubricant is available in three grades: 
9, 80, and 75. 

For hydraulic systems, brake, shock absorber fluids and 

iraulic oil are available. However, attempts are being 
made to design one hydraulic fluid for all applications. 

For grease lubrication, two chassis greases, one for win- 
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a Fig. 9-180 rubber-backed steel chevron track 


This track was built tor application t horizontal volute sprina 


suspension. Because of + ter guide, this track practically n 
not be thrown, the rubber bogie surface greatly improves bogie 
ire life, and steel chevron grousers give very good tractior 


ter and one for summer, and one wheel bearing grease are 
available. For special applications, a water pump grease 
and a high temperature grease are provided. 

During the past two years, approximately 400 canvas 
items for the protection of personnel and materiel have 
been developed. These items are issued with Ordnance 
vehicles as standard equipment. 

Rubber has been our most critical problem. With 90% 
of our prewar supply cut off, we faced enormous com- 
mercial and military requirements. To meet the national 
emergency, the Office of Federal Director of Rubber was 
created by presidential order to establish a synthetic rubber 
industry. To meet the military emergency, the Army took 
immediate steps along the following lines: 

a. To conserve the rubber stockpile by reducing the 
amount of rubber in all military products. 


+. 





m Fig. 10-Waterproofed metal-clad ignition equipment — distrib- 
utor with cooxial condenser and shielded and unshielded cables 
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b. To establish an Army-wide program of repairing and 
retreading pneumatic tires. 

To convert natural rubper to synthetic rubber, main- 
taining military adequacy, as fast as synthetic could be 
produced. 

In carrying out this conservation and conversion pro- 
gram, the rubber industry performed a near miracle of 
development and production, and the Ordnance Depart- 
ment a corresponding achievement of testing and synthetic 
rubber application that enabled the United Nations to 
reach and maintain technological supremacy in materiel 
that required rubber. 

A cooperative plan was set up, whereby Ordnance 
worked out its rubber conversion problems through rub- 
ber industry committees. In this liaison, Ordnance sup- 
plied the Army test vehicles, test areas, operating per- 
sonnel and procured the necessary experimental rubber 
and synthetic products. The rubber industry pooled its 
resources, built the products, provided laboratory facilities, 
and supplied experts in rubber research, development, and 
processing as well as experienced personnel to follow the 
controlled tests. This pooling of resources was carried on, 
with the heartiest sort of cooperation and unity of purpose. 

Upon Army Ordnance, the largest user of rubber, fell 
the biggest conversion job. It was not a simple matter of 
straight production substitution of synthetic for natural 
material, but an intensive step-by-step program of develop- 
ment and test that stretched over a two-year period. Con- 
sider just one testing phase of this job as carried on in one 
area at Normoyle, Tex. Pneumatic-tired Army test trucks 
have run an aggregate of 18'4 million controlled truck 
miles — equivalent to sending a fleet of 755 vehicles around 
the earth at the equator. Rubber testing on such a scale 
has never before been attempted or even envisioned. These 
have been the results: 

The jeep tire, of which millions are made, has been 
in full production of roo% synthetic for nearly two years. 

b. The 7.50 and 9.00 size tires, used in biggest volume 
by the Army, for the 2%- and 4-ton trucks, have been in 
full production for 18 months — first in 70% and later in 
go% synthetic. 

Tires in sizes 10.00 through 12.00, comprising a small 
volume of Army requirements, are in full production in 
70% synthetic. 

d. Very large earthmover tires are 35 to 50% synthetic. 

All inner tubes are 100% synthetic. 

f. Rubber track blocks and bogie tires for track-laying 
vehicles are 65% converted to synthetic. 

All of these synthetic products have been adequate for 
military requirements. 

The annual Ordnance requirement and percentage of 
conversion of synthetic as of Jan. 1, 1945, are indicated in 
Fig. 1 

The immediate future calls for no let-up in our efforts 
to use synthetic rubber. Also, the post-war Army rubber 
and synthetic applications demand full preparedness ac- 
cording to a continuing plan to keep alive the rubber 
industry-Ordnance war efforts, so that thoroughly tested 
and proved products can continue to be shifted into peace- 
time production and be ready for any future emergency. 

The Japs guessed wrong. Cutting off our rubber supply 
in the Pacific didn’t take us out of the war. It didn’t even 
slow us up- thanks to the resourcefulness and cooperation 
of the American rubber industry. 

One of the finest examples of service to the Government 


by technical societies is the assistance which the & 
Automotive Engineers has given to us in the solution , 
many of our material or component problems. The Wy; 
Engineering Board of the SAE has submitted to Ordnar 


y ol 


ALILC 





at Ordnance’s request, some 59 or 60 reports and com 
mendations on almost as many projects since Pear] Harbor 


m= Tank Guns 


The only purpose of the automotive chassis in s 
a tank is concerned, is to provide mobility to the gun an 
armor protection for the crew. The entire design of , 
tank begins with the gun. Here again, more power and 
performance are desired for jess weight and bulk. An j 
cation of this trend is given by the following comparison 
between the 75-mm gun mount, now used on the ligh 
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a Fig. }!— Ordnance annual rubber and synthetic requirements - 
based on present conversions and on rate of requirements for first 
quarter, 1945 
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“NULL ELEVATION REFERRED TO GROUND 


a Fig. 12- Sucdititiees graph — medium tank M4 operating on 
rough course at 15 mph 





tank M24, and the 75-mm gun mount on the medium tank 
M4. Both guns fire the same round of ammunition wit 
the same ballistics, yet the new gun is 45% lighter 
weight, it is 7% in. narrower and 4% in. less in height. 
It was this gun which made the light tank M24 possible; 
it gives to the light tank the firepower of the medium 
tank M4. Another example is the use of the go-mm gu 
within the comparative weight and dimensional chara 
teristics of the 3-in. gun, used on the 3-in. gun motor caf 
riage Mro. 

We are the only nation in the world which has the 
gyro- -stabilizer. The function of the gyro-stabilizer syste™ 
is to maintain the tank gun on a line of sight, sele ed and 
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at will by the gunner, when the vehicle is traveling 
cross country. 

The efficacy of the gyro-stabilizer in maintaining the line 
of sight during vehicle motion is demonstrated by Fig. 12, 
showing a plot, taken from photographic records, of the 
cun elevation referred to ground for various tank hull 
ae tions referred to ground. This record was taken on 
, medium tank M4, traveling 15 mph across rough terrain. 

Many in industry are engaged in other fighting compart- 
ment problems, such as power control of the turret, gun 
elevating and traversing mechanisms, fire control equip- 
ment for indirect and direct fire, and the problems of 
stowage, including the shock mounting of all equipment 
within the tank. 

Finding ourselves suddenly at war with a thoroughly 
organized, modernly equipped enemy, it was necessary to 
yield on our requirements for standardization in order that 
we could make use of existing facilities to initially arm 

only ourselves but our Allies. New developments 
which permit time for planning and tooling for manu- 
facture, are required to conform to our book of standards, 
kept up to date by our Simpiification Branch. The medium 
tanks M4, M4Ar1, M4A2, M4A3, and M4Aq looked a lot 
alike, but varied considerably in the types of components 
used. The newly developed vehicles may not look alike, 
but all have a maximum number of interchangeable parts 
between them. This standardization considerably simpli- 
fies procurement, training, supply, and maintenance. In a 
democratic country, made great by competition, difficulty 
was anticipated in the program of standardization. How- 
ever, peacetime rivalries were set aside in the interest of 
national defense to the extent that almost anybody who 
makes anything in the automotive line is using some of 
his peacetime competitor’s products. 

Our emphasis is placed on the development of com- 
ponents. The only experiment then, in a new vehicle, is 
the experiment involved in the new arrangement of com- 
ponents. For this reason, this war’s pilot models have 
demonstrated a high degree of reliability and were per- 
mitted early manufacture with minimum modifications. 
Also, for this reason, I have been able to state before, and 
lepeat now, our tanks have greater firepower, more armor 
protection, higher maneuverability -all of these with 
greater reliability than any other tank of comparable 
weight in the world. I challenge factual contradiction! 

During the course of this war, our tank development 
program has been considerably hampered by statements 
indicating that the tank has become obsolescent on the 
battlefield. Such statements receive their greatest circula- 
ton by those with the least background. 

Whenever an Army moves, it must have transportation; 
not only transportation for its own essential supplies, but 
transportation for its own movement and mobility. The 
tracklaying vehicle is the best known means of transporta- 
tion over battlefield terrain. Tracklaying vehicles have 
driven the horses from the battlefield, and until such time 
as some other form of transportation is evolved, which is 


superior to the tracklaying vehicle, it will always remain 
with us. 


prot 


If we desire to give the large caliber gun maximum 
mobility over adverse battlefield terrain, this gun should 
not be towed where its weight acts as an anchor to the 
prime mover, but rather it should be carried piggy-back on 
the tracklaying vehicle where adequate flotation is provided 
‘or maneuverability over soft terrain, and where all its 
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a Fig. 13 — Waterproofed, 34-ton, 4x 4 truck demonstrating opero- 
tion in ocean surf —entire engine is well below level of water 
weight is used for tractive effort. Not only ts greater 
mobility provided, but the time required to go into action 
with the gun and out of action is but one traction of the 
time required with the towed mount. This combination 
gives real meaning to the expression, “mobile firepower.” 
If the chassis has sufficient excess weight-carrying ca 
pacity so as to permit even a '%-in. plate shield over the 
fighting compartment, a great deal of protection is pro 
vided trom thrown up debris, bursting shells and frag 
ments, or trom spent projectiles. The vehicle can be de 
signed sO as tO Carry up to 12 in. of armor protection and 
probably more. This combination gives us protected mo 
bile firepower. The tank is with us to stay because it 
provides mobile firepower, because it substitutes horse 
power for manpower, and because it carries protection 
for operating personnel. We have just begun to harness 

the internal-combustion engine for military use. 

Development work does not stop with the completed 
truck, tractor, or combat vehicle. Unusual climatic condi 
tions require desertization methods or winterization meth 
ods. Special conditions of operation make necessary the 
development of fording equipment (Fig. 13) or low 
ground pressure equipment. Special uses for bulldozers, 
mine exploders, and others require special adaptation for 
specific functioning. 

Alarming reports have been published describing the 
German Tiger and King Tiger tanks. These are formid 
able weapons which, for their 64- and 74-ton weight, do 
carry a larger gun and heavier armor than does our 
medium tank M4. Our heavy tank M6 (Fig. 14) with a 
weight of 62 tons, was developed in 1940, and was pro 
duced in limited quantities. At the time of the develop 
ment, and for a considerable period thereafter, the heavy 


tank M6 was the most powerful in existence. However, 


our Army Ground Forces decided not to use this tank in 
overseas theaters. With shipping a bottleneck in the con- 
concluded on page 560 





a Fig. 14— Heavy tank Mé - developed in 1940 and produced in 
limited numbers was at that time and for a considerable period 
thereafter, the most powerful tank in existence 
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YNTHETIC rubber is here to stay! It is here to stay 
S$ as an engineering material, to be utilized fully for 
definite engineering application. It is here to stay for 
mechanical parts on automobiles, trucks, tractors, and air- 
planes, not as a rubber substitute, but as an essential re- 
Guired engineering material. Never again will natural 
rubber be used for hundreds of different mechanical parts, 
because synthetic rubbers are already outperforming 
natural rubber parts on specific applications. We will all 
agree that the development of synthetic rubber is prac- 
tically in its infancy when compared to the years of de- 
velopment of the art of natural rubber compounding. Fur- 
thermore, much can be looked forward to in the immedi- 
ate postwar years in the way of further improvement in 
compounding technique and in the development of new 
synthetic elastomers. 

All of the synthetic rubbers, that is, synthetic elastomers, 
are tailor-made, long-chain molecular arrangements of 
high polymers, with molecular weights ranging as high as 
several hundred thousand. They represent the product of 
polymerization phenomena, and the wonders of | this 
mechanism of polymerization for synthetic rubbers have 
just begun. While any one of the tailor-made elastomers 
does not possess all of the properties that we want built 
into one syntheitc rubber today, several of them have 
already made natural rubber take a back seat in certain 
specific applications. In fact, I feel safe in predicting that 
with the rapid development now going on in this field, 
there are definite possibilities of further improving and 
perfecting entirely new synthetic elastomers, which will 
possess properties greatly superior to the present ones now 
in production. The rubber industry should then be able 
to give vehicle manufacturers tailor-made materials, with 
tailored-to-order physical properties for specific applica- 
tions. 

As pointed out recently by one of our country’s out- 
standing chemists, the present synthetic rubber progress is 
probably the greatest organic chemical and chemical en- 
gineering project ever attempted in this country, and per- 
haps in the entire world. The present development would 
be considered a remarkable achievement even if it had 
taken place in the normal course of events, but, under 
present circumstances, it has been a stupendous under- 
taking. 

Think what would have happened to our entire united 
war effort, had we had an unlimited supply of natural 
rubber, but none of the synthetics, with their amazing 
properties providing the wonderful resistance to oils, gaso- 
lines, solvents, chemicals, gases, ozone, sunlight, flame, 
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heat, cold and flexing, that enabled us to build mecha: 
parts that are giving unbelievable performance in 
tanks, amphibian units, and sea-operating craft. Se 
Table 1. 

Each of us has been so absorbed in his own way, in hel; 
ing in the united effort of winning this war that, more or 
less, we may have taken for granted some of the remark 
able advances and discoveries that have occurred right i: 
our own fields. Taking these wonderful development 
with little question, in our eagerness to develop our war 
items, we may have overlooked their outstanding applica 
tions for the postwar automobiles, trucks, tractors, and air 
planes. In fact, synthetic rubber permits the use of ru 
berlike materials where natural rubber could never by 
considered. 


ucd 


I will discuss, therefore, the properties of various syn 
thetic elastomers un the market today, that is, their static 
and dynamic properties and their resistance to various con 
ditions. I will also predict what may be made available 
in the postwar years in the way of physical properties in 
special-purpose synthetic elastomers. 

Technical papers and news articles have been delivered 
and printed by the dozens in the past year dealing with the 
chemistry of, and ingredients used in the manufacturing 
of, synthetic rubbers, and long explanations on the chemica 
processes have been given. I, therefore, will not elaborate 
on this but, for those interested, have incorporated in 1! 
Appendix a digested review of this phase of synthetic 
rubbers. 

Before preparing this paper, we counseled with various 
engineers in the automotive industry to determine just 
what phase of the synthetic rubber field they were inter 
ested in knowing more about. It was the consensus (0! 
the men contacted) that the only information on synthetic 
rubbers generally made available to them or to their or 
ganizations was limited to room temperature data on con 
ventional physical properties and these were only static 
studies such as ultimate tensile strength at room tempera 
ture, elongation at rupture taken at room temperature, and 
compression set. With full realization of the fact that 
highly functional synthetic rubber mechanical goods parts 
demand that the designing engineers have full knowledg: 
of the synthetic elastomer compounds they plan to use. 
these men have requested data at operating tempera 
tures and not at room temperature, on such properties 4s 
resilience, dynamic modulus (both in shear and compres 
sion), static modulus (both in shear and compression), 
tension modulus at specified elongations, creep, hardening. 
and also data on low-temperature stiffening and brittle 
ness. A few of these men had become thoroughly disap 
pointed with some of the synthetic rubber compounds be 
cause of the inferior performance observed when subst! 
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CHANICAL PARTS 
in Present and Postwar Vehicles 


in designs that previously were calculated from 


knowledge of the properties of natural rubber. Unfortu 
nately, the changeover from natural rubber to synthetic 
rubber in the substitution program of prewar designs is 
not as simple as just specifying the use of synthetic rubber, 
or even narrowing it down to one specific synthetic 


elastomer. The properties of synthetic rubbers are, fortu 
nately, and not unfortunately, vastly different from natural 
rubber, over a range of conditions. A very complete study 
should be made when attempting to replace natural rub- 
ber with synthetic rubber in old design parts. In many 
cases, alterations of the design and most certainly the 
dimensions are necessary for successful operation and per 
formance. 

We have endeavored to meet this unanimous request as 
made by the men contacted, not only by the presentation 
of synthetic rubber data in this paper but also by demon 
strating some of their physcial properties with specially 
built equipment, so as to give visual proof of the su- 
periority of some of the synthetic rubber compounds over 
natural rubber compounds for mechanical rubber goods 
parts. In giving these data, obtained by these tests, we 
want to make it thoroughly understood and to emphasize 
especially the fact that a goodly number of the properties 
of any mechanical goods synthetic rubber stock are de- 
pendent on the compounding ingredients and the com- 
pounding technique. Therefore, if you have some syn 
thetic rubber mechanical goods parts not performing satis- 
factorily, do not blame the lack of success on that particu 
lar basic synthetic elastomer. Much can be accomplished 
by correct compounding. As an illustration, we can refer 
to one particular application where a GR-S compound 
showed flexing fatigue failure after gooo cycles; however, 
using the same elastomer but with an entirely different 
compounding technique, the flexing life was brought up to 
99,000 cycles, an improvement of r1o00%. Synthetic 
elastomers are much more sensitive to the art of com- 
pounding than is natural rubber. 

To simplify this paper however, we have limited our 
data for the most part, to the properties of five general- 
utility mechanical goods stocks, compounded from the in- 
dicated basic synthetic elastomers available commercially 
on the market today. Unless otherwise specified, reference 
will be made in this paper to these five Firestone com- 
pounds, all of 5o-durometer hardness, and all com 
pounded for the best tensile, elongation, and compression 
set combination (four synthetic elastomer compounds and 
one prewar natural rubber compound for comparison). 

Many in the automobile, truck, tractor, and aircraft in- 
dustries in the prewar years may not have been too con- 
cerned with the effect that temperature has on the static 
and dynamic properties of natural rubber. Temperature, 
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as we will illustrate, greatly changes properties — both of 


natural rubber compounds and synthetic rubber com 
pounds. The influence that temperature has on the static 
and dynamic properties of the synthetic rubbers that are 


available today is much more pronounced than on natural 


rubber; therefore, the designing engineer must not only 
have full knowledge of the temperature range in which 
his designs are to function, but must know at what tem 
peratures the maximum and minimum stress occurs in the 
synthetic rubber parts under consideration. 

In this paper we have not included the polysulfide Thio 
kol, nor the large group of flexible plastics made from the 
various vinyl derivatives, because this group lacks the re 
silient characteristics needed in parts under appreciable 
mechanical action. The group is a study of its own, and 
has some very interesting properties. 

This paper is not being organized at this point, in the 
manner usually employed in discussing synthetic rubbers 
by referring to one synthetic elastomer at a time with its 
respective properties. We felt that from the viewpoint of 
being helpful in a practical way to the designing engineer, 
the organization according to property studies would be 
much more desirable. 


™ Tension Modulus at Operating Temperature 


The conventional method of specifying properties for 
mechanical rubber goods compounds today is no differ 
ent than it was 30 years ago. Tensile values are still ex 
pressed in psi at rupture tested at room temperature. 
Elongations also are still expressed at rupture at room tem- 
perature. Table 2 shows these conventional, physical-prop 
erty values as called for by the standard SAE-ASTM clas 


sification method on the five Firestone general-utility series 


Table 1 — One or More of the Present Synthetic Rubbers Excel or 
Equal Natural Rubbers in the Following Properties 


yay Natural 
ubber Rubber 


Resistance to swelling caused by mineral oils and gasoline Excellent Poor 
Resistance to swelling caused by vegetable oils Excellent Poor 
Resistance to hydrocarbon and aromatic solvents Excellent Poor 
Resistance to acids Excellent Good 
Resistance to water swelling Good Fair 
Changes or modulus (stiffness) with time Very good 
Permeability to gases Excellent Fair 
Stress relaxation under load Very Good 
Electrical resistivity Equa’ Equai 
Electrical insulation properties Equal Equal 
Hysteretic and elastic properties Good Good 
Flame resistance Good Poor 
Resilience Very good Good 
Cold resistance (brittie point) Very good Good 
Efficiency Very good Good 
Aging in sunlight (ozone) Excellent Poor 
Oxidation aging resistance Excellent Good 
Heat aging r ce Excellent Fair 
Static aging (shelf aging) Excellent Fair 
Resistance to cracking from extension flexing Very good Good 


Resistance to cracking from bending flexing 
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a Fig. |-—Tension modulus curves —general-utility series, 50-duro- 
meter compounds tested at 76 F 


stocks of 50-durometer compounds used in this paper. 

Actually, not one of the highly functional mechanical rub- 
ber goods parts on automobiles, trucks, tractors, or airplanes, 
operates at room temperature only. Consider, for example, 
the operating temperature of motor supports, fan belts, 
muffler insulators, water pump seals, radiator hose, engine 
throttle insulators, and others. How, then, can correct 
comparison evaluations of compounds be made with prop- 
erty data given only at room temperature, when these very 
properties, especially of synthetic elastomers, change their 
slope and cross over each other at different temperatures? 

The conventional room temperature property studies 
alone do not permit complete evaluation of the synthetic 
elastomers that are commercially available today for the 
automotive industry, and which will be continued in use 
along with new synthetic elastomers after the war. We 
have recently carried on additional work of investigating 
and measuring more thoroughly the operating tempera- 
tures on various highly functional automotive mechanical 
rubber parts, and some of the recorded operating tempera- 
tures are astounding. Automobile motor mountings, as 
an illustration, on vehicles operating in some of our hot 
southern states, build up temperatures of 150 to 180 F. 
On some of the desert runs they build up temperatures as 
high as 214 F. 

Tensile pulls and their respective elongation, as we have 
said, have been, and still are, expressed at rupture at room 
temperature. However, all highly functional resilient in- 
sulator design parts have their movements limited me- 
chanically, and it is therefore, not logical to study only 
ultimate tensile values. None of the vibration isolation 
designs or insulator devices employed today on vehicles 
allows movement much beyond 100% elongation at op- 
erating temperatures. Most of them function at 15% to 
30% elongation, so why study tensile values at rupture 
at room temperature where elongations run to 800% or 
more? Tension curves for synthetics and natural rubber 
compounds are not linear functions and, therefore, show 
amazingly different tension modulus values in the lower 
elongation ranges, which are encountered under actual 
working conditions. 

The conventional study of tensile strength at rupture 
would condemn some of the synthetic elastomers that are 
today actually giving amazing performance, some of which 
are definitely giving better performance than natural rub- 
ber compounds. It is my opinion that tensile values at 


rupture are no index whatsoever of the perfor 
ability of a compound, but are merely an index of tear 
resistance. This is substantiated by our study made by the 
ASTM and Cooper method of tear resistance determ 
tion. For mechanical rubber goods parts, the tensile p: 
erty “tension modulus” should be studied at spe: 
elongations and temperatures. 

The conventional 30-year-old method of just expres 
tensile values and elongations at rupture at room temper 
ture, as tabulated for our five general-utility, 50-duromet 
stocks in Table 2, was not adequate for prewar natural rub. 
ber compounds, and most certainly is not the method t 
evaluate synthetic elastomer compounds of today cor 
rectly. Fig. 1 plots the complete stress-strain curve through 
the entire elongation range to rupture, at room tempera- 
ture. Notice that the slopes of the curves for these five 
compounds are not only vastly different at high-strains 
approaching rupture, but have decidedly different slopes in 
the low-strain actual operating range of 25% to 150% 
elongation. Figs. 2 and 3 plot the tension stress-strain 
curves on the same compounds for temperatures of 158 F 
and 212 F, respectively. Note the difference again in the 
slope of these curves in the high-strain end approaching 
rupture, compared to the low-strain region in which these 
compounds are actually called upon to function in the 
mechanical parts on a vehicle. 

We have dotted the 150% elongation line in Figs. 1, 2, 
and 3, so that you may observe the effect that elevated op- 
erating temperature has on these five different stocks. The 
prewar natural rubber 50-durometer stock has the same 
tension modulus at 150% elongation as does the neoprene 
GR-M and buna S GR-S, however, the rise in temperature 
to 158 F and to 212 F stiffened the modulus of the natural 
rubber and the buna S GR-S in this low-strain actual op- 
erating range, but did not noticeably change the tension 
modulus of the neoprene GR-M compound. The stability 
of this neoprene compound is, therefore, better suited and 
more ideal for motor mountings or other parts operating 
under these indicated temperature conditions. The study- 





Table 2 —- Conventional Physical Properties of[{ Five General- 
Utility Series Stocks of 50-Durometer Compounds 


Natural Neoprene BunaS Buna N Buty! 


Elastomer Rubber GR-M GR-S -NXM ___ GR-! 
Properties RN530 $C530 RS515 $B515 RS520-6 
Tensile Strength at 76F, psi 3300 3175 1650 190¢ 2200 
Elongation at 76 F 670 800 600 440 790 
Shore Hardness at 76 F 50 49 50 51 49 
Constant Load Compression Set, 

Method A, % 11.1 19.0 11.5 6.4 14.5 
Constant Deflection Compres- 

sion Set, Method B, % 22.0 31.0 20.4 17.3 18.0 





























m Fig. 2—Tension modulus curves — general-utility series, 50-duro- 
meter compounds tested at 158 F 
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- ¢ tension curves at rupture will give an entirely 


diffe picture, one that definitely is not applicable for 
oract valuation of these compounded elastomers for 
mech’ cal parts, which work at low strains under these 
temper tures. Observe also the change in the order of the 
tensi odulus at rupture of natural rubber, buna S, and 
neo} from room temperature of 76 F to 158 F and 
212 F; showing buna S with a lower tension modulus than 
neoprene at room temperature, and reversing the order at 
r<8 F and 212 F by showing a tension modulus stiffer 
than neoprene. 

VW ive emphasized in this section that for practical 
evalu2t.ces of compounded elastomers, the property of ten- 
sion modulus should be studied at the elongations and 


xiaperatures at which they operate. Since all highly func- 
tional resilient vehicle parts have their allowable move- 
ments mechanically limited, there is no need to discuss 
further the necessity of appraising the compounds under 
consideration in the 150% elongation region at the speci 
fed operating temperature instead of only at the conven- 
tional rupture point. 

Operating temperatures of highly functional synthetic 
rubber mechanical parts with the proper equipment can 


readily be measured on the vehicle where it is in opera- 
tion, but to the uninformed, these temperatures are 
startling. Inasmuch as considerable effort has been put 
forth to get these temperature data for this paper and 
since we have so emphasized operating temperatures, we 
have plotted the temperature curves on a half dozen well- 
recognized parts. Fig. 4 shows the heat attained in the 
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» Fig. 3-Tension modulus curves — general-utility series, 50-duro- 
meter compounds tested at 212 F 
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" Fig. 4~High-temperature study made in wind tunnel —neo- 
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indicated parts accurately measured in the Ford Motor 
Co.'s elaborate wind tunnel under high-temperature, 
desert-simulated operating driving conditions. 

Note that while the vehicle is in operation, motor sup 
ports, because of their being confined under the car hood, 
build up to higher temperatures than do muffler insulators 
supporting the extremely hot muffler pipe; the latter, of 
course, being located where the air freely circulates when 
the car is in motion. 

The subzero operating conditions likewise were investi- 
gated by the author and worked out in cooperation with 
Ford Motor Co.’s engineering department. These tests have 
definitely proved that the highly functional parts rapidly 
warm up because of the internal friction of the com- 
pounded elastomer, plus heat transferred from warmer 
regions by conduction and convection. 

The initial test to prove this warm-up was run by hav- 
ing the vehicle soak in a large refrigerated room at —40 F 
for 48 hr. With the engine started, and running under 
this low-temperature condition, all of the functional parts 
under the hood rapidly warmed up within the first ro 
min. of car operation. The temperatures built up so 
rapidly with the vehicle under these conditions in the still 
air of the refrigerated room (which would be comparable 
to an average car owner warming up his car at the curb) 
that we decided to rerun the test under car operating con- 
ditions by using the Ford Motor Co.’s wind tunnel, simu- 
lating Alaskan subzero driving conditions. The wind tun 
nel was not considered originally because several days are 
required to lower the temperature to —40 F. The tem-, 
perature in the tunnel averaged —40 F throughout the en 
tire test run. The vehicle was soaked at this temperature 
for 48 hr before the test run. The air in the tunnel circu 
lated at 20 mph and the vehicle operated in high gear at 
20 mph, transferring the energy to dynamometer rolls 
which were equipped with cleats to cause suspension 
oscillation. Under these conditions the front motor sup- 
ports and other synthetic rubber parts under the hood and 
the muffler insulators, rear motor mountings, plus addi- 
tional functional parts not under the hood still warmed 
up unexpectedly fast. The temperature build-ups under 
these actual running conditions are shown in Fig. 5. 

Tension modulus studies at low temperatures were also 
made on the five general-utility 50-durometer stocks. These 
studies were made at o F, —25 F, and at —4o F (Figs. 6, 
7, and 8 respectively). A quick analysis of the plotted 
values shows an even greater change in order or arrange- 
ment than occurred in the high-temperature study, and 
brings out the low-temperature sensitivity of the general- 
utility synthetic elastomers. Had the author’s practical 
investigation not been conducted in the refrigerator room 
and in the wind tunnel at —40 F, a very gloomy picture 
would have resulted from this study. 

The high- and low-temperature, elaborate wind tunnel 
studies and the high- and low-temperature, tension modu- 
lus studies should prove conclusively that for vehicle appli- 
cation of mechanical rubber parts, physical-property studies 
at room temperature only are not adequate. This is true 
of both natural rubber and the synthetic rubbers. 


m Resilience 


Resilience values of compounds at specified tempera- 
tures should be a “must know,” before final details and 
specifications are released on any design of impact-absorb- 
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a Fig. 6—Tension modulus curves — general-utility series, 50-duro- 
meter compounds tested at OF 
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a Fig. 7—Tension modulus curves — general-utility series, 50-duro- 
meter compounds tested at —25 F 


ing devices, such as rubber springs, spring stabilizer insu- 
lators, frame insulators, axle bumpers, shock absorber in- 
sulators, engine stabilizers, instrument mountings, and air- 
craft landing gear parts. 

Resilience of rubber-like materials in the layman’s mind 
means fast springing back after bending. That is, the 
quantity of work given back by a body that is deformed 
to a certain limit and then allowed freely to recover itself, 
as a spring under pressure suddenly relaxed. 

Resilience can be determined by several methods. How- 
ever, from the viewpoint of demonstrational ease, we have 
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selected the ball rebound device pictured in Fig 
an excellent, easy way to draw comparisons bety 
thetic elastamers and natural rubber compounds 
be employed as an inexpensive production meth. 
spection of finished molded vulcanizates. Simp): 
considerations based on the theory of free vibrati 
that the ball rebound device permits calculation 
tor which can be called “impact resilience.” This 
expressed by dividing the first rebound height by 
tance of the free fall: 


x 100 = Impact resilience, ‘ 
0 . 


( 


Fig. 10 shows, in bar-graph form, this impact resilieng 
in per cent measured on the ball rebound device. Vali 
shown are on our five general-utility, 50-durometer Fix 
stone stocks with the per cent rebound given not only : 
room temperature of 76 F, but also at 158 F and 212 F 

Attention should be drawn to the unusual chang 
occurring in the butyl stock which, at room temperatur 
has a rebound of only 9%, but after the compound ha; 
been heated to 212 F, has a value of 51.6%. This r 
bound at 212 F is greater than buna S rebound at roon 
temperature. The neoprene compound is approximately 
equal to the natural rubber at room temperature, and ex 
ceeds the rebound of the natural rubber when both ar 
heated to 158 F. The rebound of this neoprene com 
pound also exceeds that of the natural rubber compound 
when both are heated to 212 F. Later in this paper, in the 
section on “Hysteretic and Elastic Properties,” we refer tc 
a copolymer of butadiene and styrene of a special ratio not 
allowed by the Government for manufacturing in Govern- 
ment-owned plants today, that has an impact resilienc 
value measured by the ball rebound method exceeding that 
of natural rubber over the entire temperature range from 
—40 F to 212 F. 

The buna N-NXM, which is a butadiene acrylonitrile 
copolymer, likewise shows a greater rebound than natural 
rubber at 212 F. The butadiene acrylonitrile copolymers 
have a high resilience at elevated temperatures but com 
paratively poor resilient properties at low temperatures 
Butyl-GRI shows the greatest increase in rebound resili 
ence of all the elastomers resulting from the temperature 
rise from room temperature to 212 F — that of 473% com- 
pared to 28% for natural rubber. Certainly, there should 
be application where this property of butyl can be utilized 
to its fullest extent, for example, as butyl mountings in 
one form or another, where movement should be held to 
a minimum until the vibration system is fully warmed up 
An exhaust pipe or muffler insulator is a good illustration, 
for the amplitude of movement of the exhaust pipe or 
muffler when starting and warming up an engine usually 
should be held down so as not to allow it to oscillate 
through maximum amplitude and make metallic contact 
through the rather restricted openings in the chassis cross 
members. It should be noted here in this study that the 
compounded synthetic elastomer group gives a w ider range 
of rebound resilience than the natural rubber compounds 

Your attention should be called to the change in order 
of impact resilience values resulting from the change 
temperature. Natural rubber, which is shown in (1) pos 
tion as having the greatest impact resilience at room tem- 
perature, dropped to (2) position when the study pi 
made at 158 F, and dropped to (3) position whe: 


values were measured at 212 F. Neoprene GR-M ‘is 
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m Fig. 8 (above) - 
Tension modulus 
curves — general-util- 
ity series, 50-duro- 
meter compounds 
tested at —40 F 


a Fig. 9 (left) — Ball 


rebound device 
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a Fig. 10 (below) - 
Ball rebound resili- 
ence test—five gen- 
eral-utility series, 50- 
durometer com- 
pounds 











=_—=— & 
mtoraent f a “ne ORDER OF IMPACT RESILIENCE 
on . = on 
roe ® @®@@®@ ®@ G4 
} ; : + ; + } } vos — EB) ware com ons numa w on 


suNA S be as 
oes ~- ie , jo ise'r FA | Cam HATER GUNA NOES «6 Cer 
. ns we 
r nae » Cam GUNA WHAT © CRS OFF 











2 ,) “ o a ” ° 100 708 v0 o wo 
PERCENT REBOUND INCREASE RESULTING FROM 
TEMPERATURE RISE FROM ROOM TEMPERATURE 

(76°F. TO 158°F. & 22°F) 


had the (2) position at room temperature, jumped to (1) 
position for both 158 F and 212 F.* Buna N-NXM, which 
had the (4) position at room temperature moved to (3) 
Position at 158 F, and to second position at 212 F. This 
definitely illustrates that our evaluations for impact re- 
silience must be studied at temperatures at which the com- 
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a Fig. I1 (right) - 
Autographic tor- 
sional pendulum de- 


pounds will be employed under actual operating conditions, 
since the order of impact resilience is different for each 
ot the temperatures studied. Of the five utility compounds 
studied, neoprene excelled natural rubber on impact re 
silience at 158 F, and both neoprene and buna N excelled 


natural rubber at 212 F, showing again some synthetic 


1} 


compounds more oustanding than natural rubber in a 


Spec ific propx rty study. 


It should be noted here that impact resilience is depen 
lent on both the internal friction and the modulus (stifl 


ness) of the compound. It does not easily lend itself to 
quantitative efficiency expression. The torsional pendulum 
device, however, does give quantities from which int rnal 


friction and modulus evaluations may be calculated 


w Efficiency 


permits calculation of 


The torsional pendulum device { 


the true efhciency of a compound since it separates inter 
nal friction from the modulus (stiffness), and, therefore, 


is a scientific method of evaluating compounds for low 





frequency operating elements such as spring shackle bush 
ings, sway bar bushings, stabilizer bushings, torsion sus 
pension springs, and steering mechanism insulators. The 
Firestone autographic torsional pendulum device illustrated 
in Fig. 11 scribes a damped sinusoidal curve at the natural 
frequency of the compound that enables determination of 
the efficiency and modulus. Fig. 12 shows two typical 
damped sinusoidal curves for different compounds. These 
curves show that the tested specimens have identical efh 
ciencies, but have considerably different modulus (stiffness ) 
values. 

This autographic torsional pendulum device is so built 
as to allow testing a small piece of stock cut from an en 
gine support or other production part by merely grinding 
the cut part toa % x %-in. cross-section. It is very accu- 
rate and capable of distinguishing small differences in vul 
canized elastomers. This device, as well as the Yerzley 
oscillograph, permits measurements for efficiency calcula 
tion at elevated and depressed temperatures. The five 
general-utility, 50-durometer stocks when studied on the 
torsional pendulum device, which separates internal friction 
and modulus, show a different order in their respective 
efficiencies and moduli values than the ball rebound device 
revealed in the study of impact resilience where internal 
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= Fig. 12-Typical autographic torsional pendulum curves © 


friction and modulus are not separated. The torsional 
pendulum is pictured in Fig. 13, and accommodated all of 
the five general-utility series stocks. 

Fig. 14 shows the torsional free vibration curves for two 
different stocks having the same basic elastomers com- 
pounded to produce the same medulus (stiffness) and the 
same durometer hardness; however, the efficiency values 
are considerably different. Efficiency should not be asso- 
ciated with the basic elastomer any more than it should 
be associated with Shore durometer hardness. 

All pendulum free vibrators operate at low frequencies 
and different compounds oscillate or vibrate naturally at 
different frequencies. Proof of this is evidenced by observ- 
ing the natural frequency values bar graph plotted in Figs. 
15 and 16, as determined by the free vibrating Yerzley 
oscillograph. Since internal friction varies with frequency, 
tests for compounds to be used in designs that operate in 
high-frequency ranges should, therefore, be studied at the 
frequencies approaching those of service, and to obtain 
comparable values, one frequency should be used for any 
given comparison. These conditions of study for high-fre- 
quency operating designs may be attained with a resonance 
forced vibrator as developed by Firestone. 

In concluding this section, we want again to call atten- 
tion to the fact that one of the synthetic elastomer com- 
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a Fig. 13 = Torsional pendulum 








pounds of our general-utility, 50-durometer group « 
for this paper excels the prewar natural rubber in ¢¢ 
ciency (see the Yerzley Index of Efficiency Values charte 
under the compression and shear observations in | 


and 16). 


rte] 
Ct 


m Low-Temperature Flexing Properties 


At extremely low temperatures where rubberlike mate. 
rials must be used, one or more of the present-day synthetic 
elastomers will not only out-perform natural rubber, by; 
will also have the desirable feature of not becoming brittle 
at temperatures substantially below the brittle point of 
natural rubber. Some of the oil-resistant synthetics such 
as butadiene acrylonitrile copolymers and Type FR neo 
prene have lower brittle points than natural rubber. Emul. 
sion polymerized polybutadiene compounds not only wil! 
excel natural rubber in having an extremely low brittle 
point temperature (—100 F), but will also out-perform 
natural rubber by being flexible at low temperatures. The 
comparatively new technique of compounding synthetic 
rubbers with low-temperature depressing plasticizers for 
extremely low-temperature operating conditions, is becom 
ing increasingly important to the design engineer, especially 
for the aircraft industries. Natural rubber does not lend 
itself, as do synthetic elastomers, to compounding with 
large amounts of low-temperature depressing plasticizers 
and modifiers without causing too serious a decrease in 
mechanical properties. 

The study of the effect of low temperatures on Young’s 
modulus of elastomers, as conducted by Dr. J. W. Liska 
and F. S. Conant of our company, has produced some very 
interesting data for design engineers. These studies on 
natural rubber, current production synthetics, and on 
newly developed synthetics which may be available in the 
early postwar years, have brought out two distinct changes 
that take place on lowering of temperature; that is, first 
order transition changes or crystallization, and a second- 
order transition in which no change in volume occurs. 

All rubberlike materials exhibit second-order transition, 
but only a relatively small number of materials exhibit 
first-order transition, or crystallization. Changes in phy- 
sical characteristics resulting from second-order transition 
effects do not depend critically on time. Such changes in 
properties take place quickly and at a definite temperature. 
On the other hand, changes in properties, resulting from 
crystallization may take hours, days, weeks, or longer, 
depending on the particular temperature employed. The 
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LOW EFFICIENCY CURVE HIGH EFFICIENCY CURVE 
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a Fig. 14-—Typical autographic torsional pendulum curves 
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DENOTES PROPERTIES CHECK FOLLOWING 24 HOURS AFTER BEING SUBJECTED 
TO 72-HOUR DYNAMIC CREEP TEST. WHERE NO COMPARATIVE BAR IS INCLUDED, 
SPECIMEN FAILED IN DYNAMIC CREEP TEST. 


a Fig 


15-Yerzley oscillograph shear study—five general-utility 
series, 50-durometer compounds (tested at room temperature) 


temperature at which natural rubber, cured slightly below 
optimum, crystallizes most rapidly is about —4 F; for 
neoprene GR-M it is reported to be about 32 F. Above 
and below these temperatures crystallization proceeds at 
, slower rate. While natural rubber in a low state of cure, 
and neoprene GR-M exhibit crystallization, the elastomers, 
buna S, buna N, butyl, and Type FR neoprene do not. 
Young’s modulus data were calculated from experi 
mental bending observations made on the apparatus pic- 
tured in Fig. 17. The diagram of this apparatus, showing 
the working parts, is illustrated in Fig. 18. This work 
brought out that the study of brittle-point alone is to be 
criticized on the grounds that it fails to predict how rapidly 


a given material will stiffen or harden. Although the 
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« Fig. 16-Yerzley oscillograph compression study — five general- 
utility series, 50-durometer compounds (tested at room tempera- 
ture) 











= Fig. 17-Apparatus for measuring Young's modulus 
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m Fig. 18 —Schematic sketch of apparatus 


brittle-point determines the temperature below which a 
material is no longer serviceable, it can be proved that a 
real difference in serviceability may exist between com 


pounds having the same brittle-point. Thus, it appears 
that neither bending nor brittleness techniques alone are 
sufficient for a complete serviceability analysis. A com 


bination of the two, however, does give all the pertinent 
information required by the designing engineer for a given 
material for a particular application. Young’s modulus 
can be calculated by means of the well-known beam bend 
ing formula: 


. wi 
hk 
$ dhi 

where: 

E = Young’s modulus 

W = Load producing a deflection, d 

d = Deflection produced by load W 

l = Distance between center lines of sample supports 

b = Width of sample 

h = Thickness of sample 
The data on the same five general-utility series stocks, all 


of 50 durometer, are presented in the graphs showing the 
change in Young’s modulus as a function of temperature, 
Fig. 19. 

On the basis of brittle-point data alone, which data were 
obtained on the apparatus shown in Fig. 20, buna S GR-S 
copolymer would be considered more cold-resistant than 
natural rubber. The Young’s modulus data indicate defi- 
nitely, however, that the buna S GR-S will stiffen at 
higher freezing temperatures than will natural rubber, and 
thus become nonserviceable for some applications unless 
warmed up by energy absorption, heat radiation, or con- 
duction. Butyl GR-I and neoprene GR-M are charted in 
Fig. 19 with the same brittle-point of —42 F. Notice, 
however, that neoprene GR-M which showed a lower 
modulus than butyl GR-I at 32 F, reversed position by 
exhibiting a very great increase in modulus as the tempera 
ture of the brittle-point is approached. 

Since so much emiphasis has been put on low-tempera- 
ture flexibility of elastomers by the aircraft industries, we 
are elaborating considerably on this subject in this paper. 
The observations made by Liska and Conant suggest that 
both Young’s modulus and brittle-point temperature, as 
measured, are fundamental properties of the base elast- 
omers, and brittle-points are relatively unaffected by re- 
inforcing materials, antioxidants or inert fillers used as 
compounding ingredients. 
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a Fig. 19- Effect of temperature on Young's modulus of elas- 
tomers — five general-utility series, 50-durometer compounds 





a Fig. 20-Apparatus for measuring brittleness temperature 


The rate of change of modulus with time at 32 F is 
shown for the neoprene GR-M stocks in Fig. 21. These 
data illustrate another type of test which can be run on 
the apparatus described and also indicate the length of 
time required in studying the effects of crystallization 
phenomena at low temperatures. 

It is well to point out here that there is absolutely no 
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Fig. 21 — Effect of freezing time on Young's modulus — neoprene 
GR-M (GN type) stock, insulator-type compound 


correlation between Shore durometer hardness 
measured at low temperatures and brittle-points. Meas 
at low temperatures, materials having a durometer 


even as high as 100 on the Shore A type of instri 
are not necessarily brittle. 
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The study of brittle-points for lowstemperature operati: 
mechanical rubber goods parts definitely shows that th 
so-called general-utility compounds of various syntheti 
clestasnets, except buna S GR-S, are inferior to natural 
rubber stocks, but that the special-purpose, low-tempera 
ture synthetics are definitely superior to natural rubber, 
which enables us again to chalk up another point wher 
one or more of the synthetics excels natural rubber. Th 
brittle-point temperatures of the compounds studied ar 
clearly indicated directly on the Young’s modulus curves 
for their respective stocks in Fig Fig. 22 carries phot 
graphic proof of what happens under shock impact at 

80 F. The five general-utility series, 50-durometer com I 
pounds molded into thin-walled semispheres were frozen 


to —8o F, along with a 50-durometer special polybuta 
diene, and all were subjected to shock impact in our 
demonstration. 

Emulsion polymerized polybutadiene is one of the sp 
cial-purpose, low-temperature synthetics. The Young’ 
modulus curve for the compounded stock made of 
special polybutadiene is plotted in dotted line in Fig. 19 
and shows it as an ideal material for use constantly at low 
temperatures. It should be made very clear here that 
polybutadiene is not a synthetic commercially available 
today, but if the demand is great enough after the war, 
this material could probably be made available. 

Some of the buna N and Type FR neoprene elasto1 
(noncrystallizing type) not only make natural rubber 
“take a back seat” on low brittle-point, but also have the 
added highly desirable feature of being more oil-resistant 
than natural rubber. Natural rubber has a brittle-point ot 

68 F, whereas some of the special oil-resistant low-tem- 
perature-resisting synthetic elastomers can be made to reach 
a brittle-point of —87 F, and the special polybutadiene, 














non-oil-resistant, to a brittle-point of 100 F. 
BUTYL NEOPRENE __ SPECIAL 
GR-l GR-M ie POLYBUTADIENE 
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a Fig. 22-Results of shock impact at —80F 
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a Fig. 23 - Apparatus used to demonstrate temperature rise re- 
sulting solely from internal friction 


In this section on low-temperature flexing properties we 
want to bring out a technical study of heat build-up result 
ing from internal friction conducted in cooperation with 
duPont. In the section “Tension Modulus at Operating 
Temperature,” we referred to Fig. 5, where we plotted the 
temperature rise of parts operating in the wind tunnel, 
simulating —40 F Alaskan conditions. Heat by convec- 
tion and conduction from the engine and warmer regions 
aided this rise in temperature of these parts. Therefore, 
to show the temperature rise resulting solely from internal 
friction the apparatus photographed in Fig. 23 was set up. 
This apparatus was housed in a heavily insulated cold box 
and the shear sandwich elements, which had been pre- 
loaded at 25 psi in shear, were conditioned for 48 hr at 

40 F. The vertical reciprocating portion of the ap- 
paratus was then set into motion at the oscillating fre- 
guency of r800 cpm and worked through a constant ampli- 
tude of % in. (%-in. movement equalled 25% shear strain 
based on the 14-in. rubber thickness). The thermocouples 
anchored in the center reciprocating insert of these shear 
sandwiches measured a heat build-up after 1 min of opera 
ion from —4o F to —15 F in the natural rubber, and 
from —40 F to —6 F in the neoprene GR-M. After 9 min 
of operation, the natural rubber sandwich warmed up to 

5 F and the neoprene to o F. Further running of this 

st, keeping the ambient temperature at —40 F showed 
no further heat build-up in these shear sandwiches. 


= Resistance to Ultraviolet Rays, Ozone, Acid, 


and Gas Diffusion 


For any of these properties, one or more of the synthetic 


rubbers show up vastly superior to natural rubber. Under 
the conditions of direct sunlight, ultraviolet radiation, and 
ozone as generated by corona electrical discharge and by 
other means, natural rubber deteriorates very rapidly. The 
special compounding of natural rubber with protective 
waxes, special reinforcing blacks, and antioxidants retards 
this deterioration to some extent. However, natural rub- 
ber is definitely labeled as being very poor for resistance to 
sunlight, ultraviolet radiation, and ozone. Here again, 
some of the synthetic elastomers are better than natural 
rubber by several thousand per cent in life under these 
conditions. Fig. 24 shows photographs of the five general- 
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NATURAL BUNA S$ BUNA N yo by NEOPREN 
RUBBER GR-S NXM GR-M . 


a Fig. 24—Five general-utility series, 50-durometer compounds 
after 3-min exposure to concentrated ozone atmosphere 


utility series, 50-durometer compounds following their ex 
posure for 3 min to concentrated ozone 


generated by the 
apparatus pictured in Fig. 25. 


Neoprene GR-M and other 
chloraprene elastomers, also butyl GR-I are practically un 
affected, even after unbelievably long exposures to ultra 
violet radiation and ozone. 
failure is 


Resistance to ozone and corona 
all-important for ignition distributor gaskets, 
distributor harness boots, ignition wire covering, sun-ex 
posed windshield wiper blades, and sun-exposed windshield 
and window seals. 

Both neoprene and butyl provide amazing resistance 
to acids when compared with natural rubber. Fig. 26 
illustrates the effects of concentrate sulfuric acid on butyl 
and natural rubber after 10 days immersion at room tem 
perature. 

The resistance to diffusion of air and gases is of the 
utmost importance for numerous applications on aircraft, 
seagoing craft, life rafts, and on some automotive and bus 
requirements. Here again both butyl and neoprene are 
more highly impermeable than natural rubber to air and 
gases such as carbon dioxide, helium, hydrogen, and freon. 
This outstanding property will be fully exploited in post 
war parts for all types of crafts and vehicles. 

eat Fig. 27 is a photo 

graph of the special 

hose flexing machine 

which was set up to 

show the sunlight 

and ultraviolet radi- 
ation check due to 
the exposure of the 
hose to Florida sun 
shine. The large 
magnifying glass on 
this equipment per 
mitted observation of 
the checking under 
flex conditions im 
posed upon the hose 
by this apparatus. 
The neoprene hose 
showed absolutely no 
signs of any check- 
ing after six months 


a Fig. 25 —- Appara- 
tus used to expose 
compounds to ozone 
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m Fig. 26—Result of 
10-day immersion at 
room temperature in 
concentrated sulfuric 
acid on natural rub- 


ber and butyl GR-|! 
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of exposure to Florida sunshine, whereas the natural rubber 
hose sample was sun-checked and flex-cracked through to 
the fabric reinforcement in a period of only two weeks. 


m Electrical Resistivity 


The dissipation of static charges generated in dozens of 
manners in trucks, buses, and aircraft are all important. 
Static charges are built up in flights by the flow of air 
sliding against airplane bodies which, if not controlled, 
would reduce the efficiency of de-icing equipment by the 
static charge puncturing the rubber de-icer. The flow of 
gasoline through the fuel line hose generates a static 
charge. Tests show that on lightly pigmented compounds 
the synthetic elastomers are much better conductors of 
static charges than similarly loaded natural rubber com- 
pounds, bringing to the front another mark of merit for 
synthetic rubbers. 

The electrical 
conductivity prop- 
erties of special 
compounded elas- 
tometers permit 
their —_ utilization 
for heating ele- 
ments for hun- 
dreds of applica- 
tions —a few vital 
outstanding ap- 
plications are gun 
breech covers to 
prevent jamming 
of the gun at low 


a Fig. 27 — Special 
hose flexing machine 
used to show sun- 
light and ultraviolet 
radiation check 
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m Fig. 28 —Before-and-after photograph showing effect of 


aniline point naphthenic-base oil on molded ring gaskets mod. 
of five general-utility, 50-durometer compounds 


temperatures; another war application is electrically heated 
aviator suits. The special synthetic compounds which a¢ 
as electrical conductors for these light-weight heating pad 
are doing an outstanding job for the war effort, and wil 
most certainly be fully utilized in postwar designs. 


m Resistance to Oils and Coolants 


There are hundreds of applications of mechanical rubbe; 
goods parts on automobiles, trucks, tractors, and airplanes 
where resistance to oils and coolants is absolutely essential 
Under these conditions of intimate contact with oils, we 
can state with no hesitancy whatsoever that natural rubber 
is an inferior material and could not possibly give satis. 
factory performance, whereas several of the synthetic elas 
tomers have been giving outstanding performance over 
long intervals. 

With proper selection of the synthetic elastomer, this 
outstanding performance can be had under long exposure 
to mineral oils, vegetable oils, animal oils and coolants. 

In our discussion on resistance to mineral oils, we are 
compelled to classify these oils on the basis of their aniline 
point. High aniline point oils (the 100% paraffin-bas 
group) are comparatively more deteriorating to the buna N 
elastomers than to the neoprene types. These oils of high 
aniline point extract the plasticizers used in the buna N 
compounds and therefore reduce appreciably the com- 
pound’s physical properties. This extraction of plasticizers 
in some cases actually causes a slight shrinkage in volume 
of the parts and, on prolonged exposure almost completely 
takes away the rubber-like characteristics of the compound. 
This condition, of course, is hastened at elevated tem- 
peratures. 

The low aniline point mineral oils (naphthenic-base 
group) affect the buna N and neoprene elastomers in the 
opposite order from high aniline point oils. In other 
words, the low aniline point oils are more destructive to 
the neoprene elastomers than they are to the buna N. The 
naphthenic-base group low aniline point oils also leave 
their brand by producing relatively high swell but they do 
not appreciably affect the physical and rubberlike proper- 
ties of these synthetic elastomers. The effect in this case 
again is hastened at elevated temperatures. 

Fig. 28 pictures molded ring gaskets that show the rapid 
action effect of a low aniline point mineral oil on the five 
general-utility series, 50-durometer compounds referred to 
in this paper. The oil did not appreciably affect the buna 
N in volume change nor in physical properties. The neo- 
prene elastomer showed that its tensile strength was not 
materially affected, although there was a substantial in- 
crease in volume. 

It is well to bring out here a few interesting examples 
where one of the synthetic elastomers, that is not normally 
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a Fig. 29 — Scott double-head ten- 
sile tester 


considered oil-resistant at all, does 
have wonderful resistance to some 
of the vegetable oils. Butyl GR-I is 
practically unaffected by soya bean 
oil as used in automobile paints. A 
go-day immersion test showed abso 
lutely no volume increase nor loss 
of physical properties of the butyl 
compound. As a check, natural rub 
ber under these conditions lost its 
physical properties appreciably and 
increased in volume 200%. 

The effect of coolants on synthetic 
elastomers is somewhat varied, de- 
pending upon the type of coolant 
and the minor ingredients used in 
the coolant mixture. Simple alco- 
hols, generally speaking, have little 
effect on the physical properties of 
the synthetic elastomers referred to 
in this paper. The glycol types, 
however, ethylene glycol or pres- 
tone, do not in themselves mate- 
rially affect the physical properties, 
but since they may operate at high temperatures, due to 

gher boiling points, and therefore transmit greater heat, 
the physical properties of the compounds will be impaired. 
The frequent presence of rust inhibitors, sulphonated oils, 
and other hydrocarbons produce deterioration out of all 
proportion to the quantities used. The buna N copolymers 
and neoprenes can be very effectively compounded to resist 
the action of generally used coolants or coolant mixtures. 

Photographed in Fig. 29 is the Henry L. Scott double- 
head tensile tester used to measure change of both tensile 
and elongation of natural rubber and some of the non-oil- 
resistant synthetits and enabled direct comparisons of these 
to be made with the outstanding oil-resistant synthetics 
such as buna N and neoprene compounds. 

Natural rubber in this physical-property study showed 
its complete failure as an engineering material, compared 
with sonié of the present-day oil-resistant synthetic elas- 
omers. 








Physical Properties at Low Frequencies 


Knowledge of static compression and shear modulus, 
and dynamic compression and shear modulus, at low fre- 
uencies (free vibration) is essential to the designing engi- 
heer in developing successful yielding or deforming devices 
vorking in comparatively low-frequency range. All of 
hese properties can be measured on the Yerzley oscillo- 
graph at room temperature as well as at elevated and de- 
ressed temperatures. 

In Fig. 30 is pictured the Yerzley oscillograph fitted with 
Bn adapter to accommodate a shear sandwich test element 
nabling the device to be employed for the shear study 
bt vulcanized compounds, thereby greatly increasing the 
hvestigation scope of this apparatus. A large-scale demon- 
‘ration model of this shear sandwich element is photo- 
raphed in Fig. 31. 

This is the first publication, to the author’s knowledge, 
herein reference is made and illustration shown of Dr. 


n 


pepternber, 1945 


Yerzley’s shear test adapter tor the oscillograph. Fig. 15 
carries in bar graph form the results of the shear sandwich 
study conducted on the five general-utility series stocks, 
all of 50-durometer hardness. (To keep this chart trom 
becoming too complex, we have shown only the values 
obtained at one temperature). The study of the shear 
characteristics of these five vulcanizates compared by the 
Yerzley index of efficiency, shows neoprene GR-M a few 
percentage points better than natural rubber, and buna N 
approximately equal to natural rubber, whereas butyl GR,l 
and buna S GR-S are lower in this respect. The author 
has used the longer, more descriptive term, “Yerzley in 
dex of efficiency,” although, probably for brevity, Yerzley 
and other investigators have used the term “resilience.” 

A comparison of the static shear modulus values under 
20% shear deflection shows neoprene GR-M as being 
slightly stiffer than natural rubber, but buna S GR-S and 
buna N being considerably stiffer. However, the buty! 
GR-I showed the lowest static shear modulus value of 
the synthetics and was lower than natural rubber. 

The dynamic (free vibration) shear modulus of all of 
the synthetic elastomers of this group shows higher values 
than that of natural rubber; neoprene GR-M and buty! 
GR-I having the lower moduli and buna S GR-S and 
buna N having higher moduli values than natural rub 
ber and buna N being the highest or stiffest of all of 
the five stocks. It should be remembered that with any 
compounds these values at elevated or depressed tempera 
tures do. not necessarily follow the same order. These 
values will cross over in a manner similar to that shown 
with the ball rebound device in the section “Resilience.” 

It must be pointed out here that in measuring the 
dynamic modulus at free vibration or natural frequency 
each of the five general-utility compounds has different 
natural frequencies although their hardnesses are all iden- 





a Fig. 31—Large-scale demonstration model of shear sandwich 
element 
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m Fig. 32 —Dynamic flex testing machine 


tical. The respective natural frequency values are also 
plotted in this same graph, Fig. 15. 

An analysis of the Yerzley index of efficiency in the 
compression studies of the five general-utility series, 50- 
durometer compounds in Fig. 16 shows neoprene GR-M 
and buna N practically identical with the natural rubber, 
whereas buna S GR-S and butyl GR-I are considerably 
lower in this property, as was also revealed in the shear 
study of this same index. 

Under the static compression modulus at 20% deflection 
the neoprene GR-M and buna S GR-S have higher (stiffer) 
values compared with natural rubber. The buna N is 
shown to have a greatly stiffer static modulus than natural 
rubber. However, the butyl GR-I is extremely low in this 
measurement. 

The dynamic (free vibration) compression modulus 
values as bar graphed in Fig. 16 show a different order 
than the shear study revealed with the shear sandwich 
specimen. In this compression study butyl GR-I has a 
lower modulus than natural rubber, and neoprene GR-M, 
buna S GR-S, and buna N are all higher than natural 
rubber. 

For the designer, we want to explain here that the com- 
pression modulus is dependent on whether or not the 
specimen is adhered to nonelastic material on the load- 
carrying areas. It is also dependent on the shape factor. 
Actual designs of compression load carrying elements for 
long life should have their loaded deflection limited to 
20% of the initial free height. The static compression 
modulus values are, therefore, given at 20% compression 
in the Yerzley oscillograph study. We wish to point out 
here also that, for any compound, the static modulus values 
are not to be confused with a constant spring rate, inasmuch 
as the stress-strain curves are not straight lines nor linear 
functions any more than are the tension stress-strain curves 
shown in Figs. 1, 2, 3, 6, 7, and 8, and they change with 
temperature, as is also indicated in these same tension 
curves, 

The static shear modulus values decrease with increas- 
ing static strain in the low-strain working region of the 
stress-strain curves and are likewise not linear functions, 
and they also change with temperature as expressed above. 

Fig. 15 carries reference to the shear property check, 
on the shear sandwich specimen, following 24 hr after 
subjection to a 72-hr dynamic creep test. The neoprene 
GR-M and the natural rubber compound showed no 
measurable change in physical properties of the sandwich 
tested on the Yerzley oscillograph. The butyl rubber com- 








a Fig. 33 
(right) - 
Resonance 
shear 
vibrator 









































a Fig. 34. -Schematic drawing of resonance shear vibrator 
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a Fig. 35-—Dynamic modulus plotted against temperature - bute 
diene-styrene ratio insulator-type stocks —0.5 psi at 60 cps 


pound was changed considerably by the 72-hr dynam 
creep test and these measured differences of the butyl com 
pound are shown in the cross-hatched area adjacent to the 
solid bars that indicate the properties measured before the 
vulcanizate was subjected to this test. The buna S GR 
and the buna N failed, due to fatigue flex, and therelor 
the change in properties could not be studied. Sever 
samples failed under this test, proving the inability of thee 
two compounds to withstand this extreme dynamic ™ 
test. The apparatus used for this dynamic test is phot 
graphed in Fig. 32. The five general-utility series, 5 
durometer compounds which were vulcanized into U 
shear sandwich elements for this test were loaded in she 
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a beam and weight to 25 psi, and then flexed 
in. amplitude for 72 hr at room temperature 
ratus lends itself also to elevated and depressed 

flexing studies). The check on property 
.¢ measured for 24 hr after removal from th« 


I ernal friction heat build-up data accumulated 
wey lis test run bring out some rather interesting 
wy of which are diametrically opposed to popular 
yelief. The natural rubber compound actually built up a 
hicher temperature due to internal friction, than did the 
. GR-M stock. The buna S GR-S showed a tem 
perature rise 100% greater than natural rubber, and the 
buna N, 50% greater. Butyl GR-I with its extremely high 
friction, showed a build-up 150% greater than 
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Fig. 36—Hysteresis index plotted against temperature — buta- 
diene-styrene ratio insulator-type stocks-0.5 psi at 60 cps 
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the natural rubber 


[his test not only shows the flexing 
ability of neoprene, but brings out that one of the syn 
thetics has less heat build-up from internal friction than 
natural rubber, chalking up another point in favor of a 
synthetic. 


m Hysteretic and Elastic Properties 


The design of highly tunctional vibration absorbing ek 
ments operating under high frequencies and at elevated o1 
depressed temperatures demands more complex studies of 
the dynamic properties of the compounded elastomers. The 
properties brought out by testing stocks with the ball re 
bound device, the torsional pendulum device, and the 
Yerzley oscillograph are all that are required for evaluat 
ing compounded elastomers for relatively low-frequency 
applications, since these devices are free-fall or free vibra 
tion tests. However, since internal friction varies with 
frequency, some other means of studying and measuring 
the dynamic properties at the higher frequencies had to be 
developed. 

Dr. J. H. Dillon, I. B. Prettyman, and G. L. Hall of our 
company, designed a resonance shear vibrator and a tech 
nique for obtaining the two fundamental dynamic proper 
ties of natural and synthetic rubber stocks. From these 
fundamental properties, dynamic modulus and _ internal 
friction measured at a definite frequency or frequencies, 
dynamic service characteristics may be predicted for any 
application, provided the forces involved in the application 
are sufficiently determinable. With this apparatus the 
effects of various physical parameters, such as superimposed 
static strains, frequency, amplitude of vibration, and tem- 
perature upon. the dynamic properties, were studied. In 
these scientific studies the hysteresis index at constant maxi- 
mum impressed strain (internal friction multiplied by 
frequency), was found to be nearly independent of dy- 
namic shear strain, while the dynamic shear modulus de- 
creased moderately with increasing dynamic strain. Neither 
this hysteresis index nor dynamic shear modulus depended 
upon the shape factor of the insulator-type stocks investi- 
gated. Dynamic shear modulus was found to be indepen 
dent of frequency; and hysteresis index at constant maxi- 
mum impressed strain only slightly dependent upon 
frequency for insulator-type stocks in the frequency range 
studied. This work also brought out the fact that at 
conditions well above resonance, energy absorption at con 
stant force is proportional to internal friction divided by 
the square of the dynamic modulus; and at constant ampli- 
tude is proportional to internal friction. Fig. 33 illustrates 
this apparatus and Fig. 34 shows the schematic drawing 
of it. The apparatus operates over a range of 20 to 300 
cps, and can deform specimens in shear strains of 5% to 
35%0. It also can be operated in a temperature range 
under which the dynamic properties can be studied from 

4 F to 248 F. 

Under the bal! rebound study of impact resilience, we 
stated that the impact resilience is a function of neither 
modulus nor internal friction alone, but rather a combina- 
tion of both. Dillon, Prettyman, and Hall, with their 
resonance vibrator, made an interesting study of a series 
of butadiene-styrene stocks, compounded with polymers 
of varying butadiene-styrene ratios, which revealed that 
the dynamic moduli of all converged at a single point of 
122 F, but were well apart at 212 F. Their study of in- 
ternal frictions of these same compounds showed that the 
internal friction values converged at 212 F, but were well 
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a Fig. 39 — Stress relaxation apparatus 


apart at 122 F. Yet, the ball rebound impact resilience 
values were well apart at both 122 F and 212 F. See Figs. 
35, 36, and 37. Note that the ball rebound impact resilience 
values in Fig. 37 show the special 85-15 butadiene-styrene 
compound to be better in this respect than the natural 
rubber insulator type of compound over the temperature 
range indicated, 

As a practical design value to engineers to aid them in 
their initial studies of resilient mountings, we are showing 
the dynamic shear modulus values measured at 60 cps 
under constant force for the five general-utility, 50-dur- 
ometer mechanical goods stocks covered in this paper. 
These are shown at three different temperatures in Fig. 38. 
To our knowledge, this is the first time comparative dy 
namic shear modulus data have been published for five 
different elastomers, all compounded to the same durometer 
hardness and each having essentially an optimum combina- 
tion of best tensile, elongation, and permanent-set values. 

In this hysteretic and elastic property study at 60 cps 
under constant force at specified temperatures, the 50- 
durometer mechanical goods compounds of five different 
elastomers brought out some extremely interesting rela- 








w Fig. 40 — Stress relaxation apparatus — single element 
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a Fig. 41 —Constant and intermittent stress relaxation curves (at 


tionships. The comparison ot values of hyster 
at constant maximum impresses stress showed 
a rise in temperature from room temperature 
there was a measured reduction in hysteresis for 
butaprene, and butyl, whereas natural rubber, al; 
GR-S, experienced increases in hysteresis, just th 
of popular belief. In the measurements of the 
shear modulus of these compounds on the forced -" 
machine, under the stipulated conditions, neoprene GR \4 
showed a smaller amount of change over the tem a. 
range from 85 F to 212 F than did the prewar 
rubber compound which is a highly desirable condition fo, 
motor mountings. Here again, one of the synt 
superior to natural rubber. 


m Creep and Stress Relaxation Under Load 


The permanent change in shape of mechanical rul ber 
goods parts such as resilient supports, subjected to load fo, 
relatively long periods of time, may become th 
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constant elongation) —insulator-type stocks — 266 F 
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a Fig. 42 — Constant and intermittent stress relaxation curves (ct 
constant elongation) insulator-type stocks — 212 F 


factor determining their useful life, especially in those 
applications involving elevated temperatures. Under con- 
tinuous stress, this unrecoverable creep results principally 
from a scission of the primary molecular bonds, slightly 
retarded by their subsequent reformation and from cross 
linking bonds between molecular chains at new positions. 
The raté of scission can be readily and accurately deter- 
mined by the use of a continuous fixed elongation of 
samples upon which periodic stress measurements are 
taken. 

Dr. A. V. Tobolsky of Princeton, Dr. J. H. Dillon, I. B. 
Prettyman, and G. L. Hall, of our company, have done 
considerable work in the investigation of creep an | stress 
relaxation under load by making their measurements 08 
thin samples and conducting their work under bot! normal 
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atmospheric conditions and in pure nitrogen, in order ' 
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a Fig. 43-Simple harmonic motion machine for recording ampli- 
tude at given frequency of complete full-scale synthetic rubber 


mounting 
separate from their measurements the effect of oxidation. 
[he apparatus used for this study of creep and stress 


relaxation under load is photographed in Fig. 39. To 

int out more clearly the working elements of this ap- 

ratus, we have illustrated in Fig. 40 the single unit which 

rings out the balance mechanism and the attachment of 
the specimen. 

gs. 41 and 42 show the values plotted in curve form 

t two elevated temperatures. By a study of these curves 

t can be seen that two synthetic elastomers have a lower 

rate of relaxation than does natural rubber. Here again 

s another property where one or more of the synthetics 

superior to natural rubber. 


u Change in Modulus With Time 


In most mechanical rubber goods applications, it is 
mereatly desirable for the modulus (stiffness) of a com- 
pound to remain constant throughout the life of the prod- 
uct. In applications such as engine stabilizers, which carry 
practically no constant load, the chief stress involved is ap- 
plied only intermittently and for relatively short periods of 
ume. The change in modulus occurring under these con- 
ditions at elevated engine operating temperatures is of 
primary importance. Measurements of modulus change 












a Fig. 44 — Instru- 
mentation set-up for 


se measuring properties 
! of synthetic rubber 
Di ring type of air- 
lly plane-engine mount- 
tly ing 

ISS 





eptember, 1945 











a Fig. 45-Vertical shake table for 
measuring transmission of vibration 
through synthetic rubber in shear at 
specific frequency and temperature 







under the specified conditions can be determined on the 
same apparatus used for the stress relaxation measure 
ments. Figs. 41 and 42, therefore, also show such curves 
for the indicated elastomers, the measuring stress being 
applied periodically for 10-sec intervals. It is seen that 
natural rubber and butyl soften and GR-S stiffens with 
time. For neoprene, however, the stress remains con 
stant tor Here 
again, a synthetic is shown to possess a property superior 
to natural rubber 


an extended period before stiffening. 


m Future 


The future possibilities of synthetic rubberlike elastomers 
as engineering materials are practically unlimited. We 
have just referred to Figs. 41 and 42, describing both creep 
and stress relaxation under load, and have also referred to 
change in modulus with time as investigated with present 
day synthetic rubbers. Consider what the chemists may 
be able to do with proper blending of these various syn 
thetic rubbers. Neoprene has exhibited the greatest creep 
and stress relaxation plotted against log time in the graph, 
Figs. 41 and 42, while GR-S shows the minimum of re 
laxation. In consideration of the change in modulus with 
time, these two synthetic elastomers reversed their posi 
tions. Certainly the blending of these two elastomers 
should yield some interesting results, and materials might 
be produced that could be made available in the future 
which would excel natural rubber under both conditions 
described. 

In our discussion of low-temperature properties, we refer 
to special compounds of emulsion-polymerized polybuta 
diene. Unfortunately, they are not on the market today, 
but when made commercially available sometime in the 
future, they may prove to be the long-awaited answer to 
unusual application problems such as service at continuous 
extremely low temperatures in special refrigeration equip 
ment. In such applications natural rubber could never be 
used as it becomes as brittle as glass under temperatures 
below —68 F. 

Butyl rubber is the newest of the present-day commer 
cially available synthetics and the real possibilities for its 
use in the future as an engineering material for mechanical 
goods applications are still to be investigated. The tre- 
mendous improvement in resilience of butyl compounds 
resulting from rise in temperature from room temperature 
to 212 F should make the use of this synthetic the answer 
to numerous application problems where this property is 
desired. The effect could never be obtained with any other 
previously discovered synthetic elastomer. 

Greater improvements in buna S copolymers can be ex- 
pected because of the large number of variations possible 
in the butadiene and styrene ratio contents. 

This is true also of the buna N group where the ratio 




















m Fig. 46—Methods of prepara- com v0 con | 
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tion of important synthetic rub- 
bers 


of butadiene and acrylonitrile can likewise 
be varied. In addition to the two groups just 
mentioned, the butadiene-styrene, and the 
butadiene-acrylonitrile group, startling _re- 
sults can be anticipated from multipolymeri- 
zation of the butadiene with various other 
materials, plus the blending with various 
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For years there has been a demand for 
rubberlike material which would withstand 
temperature variations from —4o0 F to 350 F “4 
without charring or volatilizing and without 
shrinking or becoming brittle and having the least ten- 
dency to absorb water. Just recently a material has been 
announced under ‘the name of silicone rubber, that has 
all of these properties, and should prove to be the engineer- 
ing material for dozens of special-purpose applications. 

Dichlorostyrene-butadiene copolymers likewise recently 
have been announced. They should also prove to be very 
desirable engineering materials because of their com- 
pounded physical properties being a combination of those 
normally associated with natural rubber and some of the 
present-day semi-oil resisting synthetics. 

In this paper we have shown that one or more of the 
present-day synthetics are superior to natural rubber in a 
vast number of different physical properties. With the 
further developments in the synthetic rubberlike ma- 
terials, to which we have just referred, we can expect new 
materials that can be used for engineering applications 
where their performance will not even be approached by 
any other engineering materials used in the past, or avail- 
able at present. See Figs. 43, 44, and 45. 





We have endeavored to point out through this paper, 
in the discussion of various physical properties of rubber- 
like materials, that with the present-day synthetic elas- 
tomers we are able to excel or out-perform natural rubber 
with one or more of the synthetics, in one or more of the 
properties of the particular compounds concerned. What 
industry needs for an engineering material is a synthetic, 
rubberlike elastomer that will excel natural rubber in all 
physical properties. This Utopian ambition is not at all 
outside the realm of possibility. 

This paper would not have been possible, had it not 
been for the untiring efforts of I. H. Dillon, J. W. Liska, 
I. B. Prettyman, G. L. Hall, of our Department of 
Physics; Ebert, chief chemist of our Mechanical Rubber 
Goods Division and his men, Eisinger, Bell, Prohaska, 
Fritz and Shetler, and the work contributed by the Ford 
Motor Co.’s Engineering Department; the Rubber Chemi- 
cals Division of duPont; the Synthetic Rubber Division of 
Standard Oil Co.; and the men of the Automotive Engi- 
neering Division of our company, King, Smith, Beltz, 
Gillespie, Lane, and Chilton. 


Appendix 


Buna S— Buna S synthetic rubber is a copolymer of butadiene and 
styrene. It can be made with varying ratios of butadiene and styrene. 
Our government-owned plants have been standardized to produce a 
75% butadiene and 25% styrene ratio, buna S copolymer. This 
synthetic which is identified by the GR-S designation, means Gov- 
ernment rubber — styrene type. The GR-S type was selected by the 


558 SAE Journal (Transactions), Vol. 53, No. § 





> oped Rn oo 


| BUTYL “7g 
THIOKOL | NEOPRENE RUBBER BUNA $ 





government as the substitute for natural rubber for tire building 
only because of its properties, but because it allows fabri 
compounded synthetic in the prewar factory processi1 
Some of the other ratios of butadiene-styrene require 
{factory processing equipment. However, some of the ot 

the above, referred to in this paper, have one or more e 

vastly superior to the standard GR-S type. We identified son H 
these other ratio butadiene-styrene compounds as shown in Fig 

36, and 37. Buna S copolymers have practically the same la 

resistance to oils and gasolines as natural rubber, and therefor 

definitely non-oil resisting synthetics, as is clearly indicated 

SAE-ASTM classification tables. 

Buna N-Buna N is a copolymer of butadiene and 
It can be made with varying ratios of butadiene and acr 
Our Government-standardized buna N is approximately 60‘ 
diene and 40% acrylonitrile and is identified as GR-A, 

Government rubber —acrylonitrile type. We have not 1 
this standard GR-A type butadiene acrylonitrile in this 
have used a special ratio of Firestone butaprene whic 
designated as buna N-NXM._ For certain mechanical 

it has physical properties superior to the GR-A type. 1 
copolymers provide excellent resistance to oils and gasoline 
of the aromatics. 

Butyl — Butyl synthetic rubber is a copolymer of isobut 
small amounts of other unsaturated hydrocarbons such a 
It can be made with varying ratios of isobutylene and 
hydrocarbons. Our Government-standardized butyl is 
butyl GR-I, meaning Government rubber — isobutylen 
1eferences to butyl in this paper have been to the GR-I t 
synthetic, while it is essentially a non-oil resistant type, does provide 
excellent resistance to several vegetable oils. 

Neoprene — Neoprene is a polymer of chloroprene. It can be made 
to different formulations though the Government-standardized nt 
prene identified as GR-M means Government rubber — monovin 
acetylene type. Neoprene is available in a dozen different types 
some of which may be copolymers, and all of which have | 
veloped for particular properties, In this paper, we have ! 
to the GN type, which is the Government rubber GR-M, and & 
the FR type, the latter being a special freeze-resistant el 
of the neoprenes have the desirable characteristic of oil-resistance 2 
varying degrees. 

Polybutadiene — Polybutadiene is a polymer of butadiene only 2 
can be produced by “mass,” “vapor phase,” or by “emulsion polymet 
zation.” We have referred to this synthetic in this paper as not 0 
ing commercially available in any substantial quantities at this tm 
Its major property is its outstanding freeze resistance. It is no mot 
oil-resistant than natural rubber. 

Thiokol — Thiokol is an organic polysulfide polymer and is ava 
able in a variety of different types developed for particular product 
The Government rubber designation GR-P is Thiokol N. It provides 
the maximum resistance to oils and aromatic solvents. This polymé 
was not included in the study reported in this paper. 

Methods of Preparation of Important Synthetic Rubbers - Fig. # 
illustrates the chemical formation from the base materials for the 
synthetic rubbers referred to in the above outlines. See also Fig. # 
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Chemical and Engineering Terms 


Abrasion Resistance — Abrasion resistance is a measure of the abilit 
of rubberlike materials to resist wear or abrasion under a given # 
of conditions, either a laboratory or service test. 

Aniline Point - Aniline point refers specifically to the !owest sole 











complete miscibility of equal volumes of freshly Shear — Modul . Pita 


ind the mineral oils in question. 


Aromatics are hydrocarbon solvents such as benzene, 




















Brittle-point is that temperature at or below which a Gantie (one és 0% - ‘ $ oxvecn. Chemice 
reaks or shatters under a specified set of impact sepresented by the formula Oc. w is malionen aarunier 1b ite, ate: is 
tormed xt } aK 
Modulus (Dynamic) —Dynamic compression modulus violet light or b ectrical discharg Ozone ma reactive whe 
npression stress to compression strain measured under crdinary XYPeN Is practica ert 1 su heck of rubber 
tion conditions. t about b z0 tas m uset ya I ZO 
Modulus (Static) — Static compression modulus is the Polymerization — Polymerization tion whereb : 
ession stress to compression strain measured under tive simp nica converted to complex material 
5 with entire different properties due to reaction with itself 
Set -Compression set is a measure of the unrecover- polymerization is the same as above except that two simple chemi 
distortions remaining in a specimen alter an e€X- Ca : invoived in the reacuon to torm the sing compicx new 
" ra © end multinelumermetion is , - or mo impl 
been removed. As used in this paper, it is defined produ ind multy nerization involves three or more simple 
S Method D-395-40T, which is subdivided into Methods nicais in the same manner as described above 
Polyn -/P ner is the t 1 used to expre t " ym plex 
1 ’ mater! ed lyn tion 
Jamping is a measure of the degree of decay of vibra- A ; a ) ) 
Shea iulus dynar ) odulus 1s the ratio 
tions in a rubberlike material (by converting part - lodu f . Vyna — ports . , 
1 near shear-strain 1! isured under specined vibration con- 
1ergy into internal friction heat). , : — : 
Hardness — Durometer hardness mentioned in this paper aa . 
ss Ca Modulus Stal Stat lear modulu j the au I 
irement on a Shore Type A instrument, of surface 
. ne i t I l 1 ier iu ait } 
ier constant load : ’ , 
‘ : A lear Kesistat ica tanc 1 i measure oft the force required 
Elastomer is a term which has Deen used to refer to wy a , 
. a hI . . . LO ical ry rupture it $ ! n it wenecra expressed in pounds 
which are rubberlike in behavior. : Vhs . 
ry. per in hickn 
yy Hysteresis 1s that characteristi of a material that ~s Tensile Strenoth ee teeniette ie tt tress required to rupture 
to which the material deviates from a practically 2 test imen in tensiotr I tr alculation 1 ne based 
s 4 4 a ‘ ( it iS] il s Ait il | vel i VASCU 
It is a function of the energy absorbed by the material on t riginal (that =e fe ner 
’ } 
uwplied to it. It is, however, not generally employed x pre 1 in nds p yua nch 
t i eX] l ‘ quare inc 
heed . — sy temperature rise : ! 3 
e term. It may be mea ured (1) by temperature ris¢ Tension Modulus — Tet n modulus is the stress required to pro 
inder a given set of conditions; (2) by the resilient } an ee — ; ' 
, " , , | ' auce 4 tain OnLAvUON 1 imen ] | str s 18s gen all 
rcec rations; (2 »y the decay of free vibrations; rr nal cr t +} , 
ced vil _ 3) le dec I based on the original cross-section of the sample and is expressed in 
re . steresic lc n £ the s-stt n tensio ‘ . " . 
of the h eres} ; op or the stres rain extensi 4 pounds square inch at a given per cent elongation. It should be 
rar I <) by * phase angie between inapressec ted thar th ' f t ] } 
igram; and (5 % the pha a no it the use of the term modulus in this manner is inconsistent 
APE a . . : 
ection in forced vibrations. with ba beta? daletsin where modulus is. stress-strain 
ction - The term internal friction may be employed Torsional Strain— Torsional strain is the angle through which a 
with hysteresis, but is used in a quantitative sense, to emple 1 tated and is generally expressed in degree per unit length 
veficient of the first-order derivative in the equation of Ultimate Elongation — Ultimate elongation is the change in length 
test piece of unit dimensions in damped sinusoidal of the test specimen at point of rupture and is generally expressed in 
This coefficient varies with temperature and frequency. percentage of the original (unstressed) length 
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eliminated if this information is provided when the engi- 
neering drawing is first made. 
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duct of this war, they preferred two medium tank: y 
rather than one heavy tank M6. Port facilities which 
handle 62-ton tanks were limited or nonexistent, \ 
American railcars have only a 40-ton capacity; most {org 
cars are limited to a 25-ton load. Load capacities of |; 
way bridges restrict action of a heavy vehicle to jin 
areas. The difficult problems of ‘training, mainten 
and spare parts at the end of long supply lines 
further complicated. 

In a breakthrough, the equivalent weight of : 
tanks M4 can cover two roads, go twice as fast, and ly th 
twice the mileage range for a given quantity of fuel, § 
feats as were accomplished by the medium tanks in \ 
Atrica, Sicily, the breakthrough at Cassino, and t 
tion of France and Belgium could not have been ax | 
plished with a tank of the Tiger class. In fact, j 
battles, the tiger tanks were left behind, were to 
head off the medium tank M4, were restricted 
mento limited terrain, and were soon helpless -: 
On the other hand, the Germans are now fight 


fensive war with short lines of communications 
heavy mobile fortresses interspersed among the pillba 
of the Siegfried Line, with intentional limited 
cperation, begin to play their ideal role. 

The heavy tank M6 is now obsolete, not by G 
comparison, but by comparison with our own A 
engineering developments. We are prepared to n 
military requirements as they may be enunciated by! 
leaders of our fighting forces. Our faith in A! 
military leadership has been justified by results ‘ 
battlefield. 


The field of tank-automotive development obvious 


much larger than I am permitted to discuss at this! 
This work must be carried on not only in order wm 
immediate requirements, but also to meet future pote 
rcquirements. To be ahead of the enemy on the ™ 
field, we must be one year ahead of him in pr 
two years ahead of him in development, and three } 
ahead in thinking. With a Tank-Automotive Dev 
ment Division staff of only 56 officers and 36 civilian¢ 
neers, it is obvious that we must rely on industry 
much of the work. 

Our basic mission has been to define the military 
lem, cover industry with contracts so that it may %f 
for its work, follow through on the program of sta 
tion, and closely supervise engineering and servi! 
in order to insure that our functional objectives have" 
achieved with reliability. 

In this war, Army Ordnance became acquainte® 
the engineers of industry. The teamwork resulting” 
from has made available to our fighting forces and 
Allies the latest improved designs of mechamize¢ © 
ment. It is our desire that this acquaintance 
through the pos,war period in order that out ng 
forces of the future may have the continued benetts® 
close, cooperative teamwork. 
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Airworthiness Standards 


by EDWARD WARNER 


Vice-Chairman 
Civil Aeronautics Board 
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Nt unmer of 1939, every nation in the world that 
n the production of aircraft had developed a 
worthiness for the guidance of its manufac- 

cases, as in the United States, such codes 

promulgated and amended on the final responsibility 
such preliminary inquiry among the 
vate parties and hearing of their positions as 

ght have been established as a national policy. In other 
1 Great Britain, large powers were delegated by 

tate to special boards, including both government 
tees and representatives of various industrial and 
groups freely chosen by the members of those 


fre 
Lter 


groups tor themselves. In still other instances, considerable 


nection with the implementation of air- 
lards were conferred upon quasi-public 
h as the French Bureau Veritas. Whether 


the manufacturers and users of aircraft participated directly 


process of regulation, as in Britain, or indirectly 


through conference and through comment on draft pro- 
posals, as in the United States, their advice was always 
neard and always influential. 


With the coming of the war, the evolution of civil air- 
\ ; standards came to a substantial stop except in 
In this country, fortunate in being far 

trom immediate military theaters, the work not 
aly continued but entered a new phase. In the years 
progress was made than in many years 
n the rationalization of aircraft performance 
ind in the replacement of arbitrary limiting 


140-1 ¢ > more 


‘ales of performance characteristics by reasoned specifica- 


onditions which aircraft must be designed to 
sstully. The development in that period in 
“spect to perlormance requirement was analogous to that 
n had taken place in the rationalization of structural 
ts, through the introduction of gust loads and 
the years 1932-1937. I believe that the basic 

he changes then made toward greater ration- 
greater flexibility in adapting the character- 
rcraft to the conditions under which it is used 


presented at the SAE War Engineering-Arinual 
t, Jan. 9, 1945.] 
ember, 1944 
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RITTEN immediately following the author's 

return from the International Civil Aviation 
Conference held in Chicago in November, 1944, 
this paper outlines the history and present status 
of civil airworthiness standards, particular em- 
phasis being placed upon the pros and cons of 
international uniformity. 


Existing American Civil Air Regulations, Mr. 
Warner points out, may undergo extreme 
changes, should the draft drawn up at the con- 
ference be adopted, which considered possible 
bases of worldwide agreement. Some of the di- 
vergences are: 


|. The requirement that operating manuals be 
provided for all types of aircraft, not merely for 
transport types. 


2. The proposal to double the present require- 
ment for minimum rate of climb for transport 
types with one engine stopped, raising it from 
about 100 to 200 fpm. 


3. Introduction of more flying-quality specifi- 
cations than have heretofore appeared in gen- 
eral regulations. 


Favoring the adopting of international stand- 
ardization himself, Mr. Warner suggests that it 
at least be given a fair and earnest trial. 











are now universally regarded as having been a substantial 
advance. 

Now the rest of the world is, or soon will be, returning 
to the study of airworthiness problems. Except in the 
United States, the whole subject will again be in a state of 
flux, and in lively development. If there ever was a fortu 
nate occasion for seeking the establishment of the largest 
possible measure of uniformity of practice, the next 12 
months will provide it. Even had there been no Chicago 
conference, and no work so far done on the development 
of possible bases of international agreement, the present 
time would be a very fitting one for presenting this paper 
and promoting a discussion. 

The past record of international agreement on airworthi 
ness regulation is of limited extent. The agreement drawn 
up at the Paris Convention in 1919, and ratified then and 
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subsequently by 37 nations,” included a recognition of 
standardization of airworthiness practice as a desirable 
objective, but one not immediately attainable. The conven- 
tion set forth in Article 11 that: “Every aircraft engaged 
in international navigation shall, in accordance with the 
conditions laid down in Annex B, be provided with a 
certificate of airworthiness issued or rendered valid by the 
state whose nationality it possesses.” Annex B, however, 
remained a blank for some 10 years, during which time 
numerous meetings‘ of specialists were held to discuss its 
possible form. It finally took shape in 1931; but even then 
it was not given the formal legal status which the basic 
convention had contemplated. That came only in 1936, 
and then only with respect to aircraft of the normal cate 
gory. The standards for 
abeyance. 


acrobatic types remained in 

As we look forward beyond the end of the present war 
it has been possible to consider the whole question afresh; 
and first to consider how far international standardization 
in this matter is either practicable or desirable. Broadly 
speaking, the arguments in favor of standardization are 
that it would facilitate international trade in aircraft; and 
that it would reduce, if it did not entirely eliminate, the 
possibility of competition either between manufacturers or 
among airlines in the lowering of costs by lowering of 
safety standards. In equally general terms, the major 
arguments against standardization are that it might reduce 
the present intimacy of contact which those affected by 
regulation have with the process of regulatory develop- 
ment, giving them less chance than they have now of 
knowing what is going on and of making their views 
heard through established channels; and that it might so 
increase the administrative complications of the regulatory 
process as to make amendment for keeping the regulations 
up-to-date unduly difficult and slow. 

Obviously there is force in both positions. Obviously, it 
would be advantageous, both for manufacturers wishing 
to export and for purchasers wishing the widest possible 
range of choice, if they could be assured that aircraft eli- 
gible for certification as airworthy in one country would 
be eligible in all others as well. This would avoid the 
possibility of having to make such engineering changes in 
articles for export as have been a common necessity in the 
past, and perhaps a different set of changes for each of the 
countries to which the aircraft are to be shipped. It is, on 
the other hand, equally apparent that the sort of round- 
table discussion which has so often played a part in devel- 
oping the existing American regulations could not operate 
with the same freedom on a worldwide scale. Geographical 
separation, the number and variety of the parties who 
would be concerned, and language differences would all 
forbid this freedom. 

It is now in order to review recent history, into some of 
which I must apologetically introduce the first person 
singular. During visits to London in 1942 and 1943 I met 
with officers of the British Air Registration Board, the body 
to which the framing of airworthiness regulations is dele- 
gated by the British Government, and discussed with them 
the generally agreed desirability of securing the largest 
possible measure of uniformity, at least among as many as 
possible of the few leading aircraft-manufacturing coun- 
tries, if not among all the nations of the world. I discussed 
also the possibility that American experience in regulation, 





2 Four of which subsequently withdrew. 
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as accumulated during the years in which B 
had been solely absorbed by the war, might be of ys, 
the British in the resumption of their own work op ,i. 
worthiness standards. Subsequently a lively r 
correspondence was maintained, with numer: 
raised regarding the interpretation of some of our exisiing 
rules, the degree of likelihood that certain of our provision 
might be further changed in the near future, and the pre 
reasoning that had led us to particular concl, ny 


tish CNEL gres 


transatlan, 
us Questions 


ur ¢ 


101s 








USIONS, ar cases * 
with answers to such questions provided to the best ; e CAA 
ability. The British engineers studying the matter supple 
us, in turn, with copies of various memorandums » 
drafts of possible regulatory forms as they prepared then 10} 

Immediately following another visit to London in Apg al 
1944, I had the opportunity of speaking to the Airworth 
ness Requirements Committee of the Aircraft Industr 
Association of America, Inc. (formerly the Aeronautic, 
Chamber of Commerce), and of urging tor their attent In 
some of the same considerations, pro and con internation, ete 
regulation, that I have mentioned here tonight. The Air ther 
worthiness Requirements Committee kept the subj re 
under discussion, and a polling of the Association’s mer art 
bers during July and August showed general agreement rie 
that international standardization of airworthiness requir he ¢ 


ments would have many advantages; but there was al yest 
common fear that the price that would have to be paid for 
standardization in rigidity and loss of contacts between th 
industry and the work of regulation might be higher th 
the benefits would justify. 

Several of those who returned comments to the 
tion, while doubting the practicability of complet. 
ardization, urged in various terms that at least som 
minimum rules might be generally accepted. The 
tion has been a common one in the course of s 
cussions elsewhere; but it presents some difficulties 
application. The fabric of airworthiness regulation: 
many closely interwoven parts, and the vital clauses | 
their meaning if they are separated from a host of modif 
ing and explanatory material. Load factors are significant 
only if they are applied in conjunction with an ag 
system of load distribution; and generalizations about ! 
ing qualities have but little value unless they are either 
be supported by quantitative specifications or | 
by test pilots who have had nearly enough identical sclx 
ing and experience to insure uniformity ot 
When a group of engineers set to work tiv 
on the preparation of a first draft of a possib! 
airworthiness requirements for international 
stacles to any partial treatment, concentrating 
high spots of special significance, appeared so compelling 
that they substantially abandoned the attempt to define an 
such limit for their work. They concluded by preparing « 
draft which was, with relatively few exceptions of whic! 
shall subsequently note the most important, co-cxtens 
with the existing American code as set forth t 04 ( 
the Civil Air Regulations as adopted by the ‘ 
nautics Board. In -many respects — though 
means in all —it was identical with the Amer: 
ments currently in force. 


(sso 





use, 


It would, of course, be natural that any pro yh! 
this Government might present for internationa 
tion would be in agreement, so far as it went 
own regulations. Obviously, where it appear 
present regulations could be improved upon it | have 
been appropriate to improve them forthwith, without wa" 
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itional conference. The fact that the draft 
cago showed divergences from the present 
ons was due primarily to the pressure 
“a work of preparing the draft was done, 
# that the airworthiness authorities in the 
1A ; Administration had been long at work 
ent of new proposals for modifications in 
rican regulations. Such proposals in some 


sh i; preliminary stage of discussion between the 
CAA an Civil Aeronautics Board as to their treat- 
oat , other cases they had not yet been submitted" 
the ¢ for consideration preparatory to possible 


the changes which they represented ap- 
it ngineers especially engaged in their develop- 
t Ss ly in the line of progress that it seemed to 
1m to include the new material in a draft 
h was to have international consideration. 





In connection with the bilateral talks on civil aviation 
setween esentatives of this Government and various 
ther governments during the spring and early summer, 
there had been general agreement on the desirability of 
srriving internationally standardized practices on a 
ariety of technical matters, especially in connection with 
the organization of airways, and some discussion of the 
yest machinery for developing suitable standards. The 
inexes of the Paris Convention, upon which nothing had 
wen done for five years, were palpably out of date in 


ay respects. As between taking those texts as a starting 
ind attempting to modernize them by revision in 

the one hand, and taking an entirely fresh start 

ter so long an interlude in development, on the other, 
course seemed to us in Washington the more 

ing. On July 14, 1944, the State Department, writ- 

ng on behalf of the Special Committee on International 
\viation, assigned to various agencies of Government 
idership in the organization of drafts for technical an- 
a postulated air navigation convention, which 
hypothetically succeed the existing conventions of 
Havana. The preparation of a draft covering 
thiness requirements was assigned to the direction 


7 


Civil Aeronautics Administration. The CAA organ- 

1 committee, of which Charles F. Dycer, chief of the 

ght Engineering & Factory Inspection Division of CAA, 
Nairman., 

In the meantime the plans were going forward for the 

ng of an international civil aviation conference, for 


first formal announcement was made on Sep- 
\ first draft of the suggested airworthiness 
is ready early in September; it was given a limited 


iaulon tor such examination and comment as Was pos- 


1 
wit t 


the short time allowed by the onrushing ad- 
international conference; and a second draft 

is completed at the end of October. 
| time available had been so short that the choice 
taken between cutting every possible corner, on 
one hand, and failing to have a document ready for 
n at Chicago, on the other. It would, to be 
been possible simply to present the current 
urworthiness regulations, with certain elisions; 
so palpably in need of modernization in some 
tor example in the introduction of a category 
in the improvement of the landing load re- 
. that it would have been impossible to defend 
form in those particulars as the basis of a 
sion to be inaugurated at the present time. 


October, 1945 
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There is excuse for having obsolescent provisions still in 
being in a national code after several years of war; but it 
would be hard to excuse their retention in a draft designed 
to be the cornerstone of a new study. I believe it was 
better to press ahead, accepting the drawbacks of speed and 
the risk of an incomplete appraisal of some of the figures 
that were introduced into the draft without waiting for 
the customary extended opportunity for comment by the 
industry and the public, than to have lost the opportunity 
of initiating technical discussions at the Chicago meeting. 
In pressing ahead, however, we close no procedural door 
to further examination and criticism. The discussions at 
Chicago are to be supplemented by more discussions before 
a code of airworthiness will have been formally approved 
by the new international organization; and in the mean 
time the industry and other interested parties here, as well 
as in other countries will have continuing opportunities for 
review, comment, and criticism on the draft as it now 
stands. 

The completed document was laid before the technical 
committee of the Chicago conference on November 2. It 
was assigned to a subcommittee which held its first meet- 
ing on November 6 under the chairmanship of Air Vice 
Marshal Alan Ferrier of Canada, and which met almost 
daily thereafter until November 15, when it presented its 
report. The chairman, well known to the aeronautical 
engineers of the United States, had long been a leader in 
airworthiness work and is now a member of the recently 
created Canadian Air Transport Board. In this historical 
review it is appropriate also to record that 30 of the 54 
states represented at the conference appointed representa 
tives to the subcommittee on airworthiness; and that repre- 
sentatives of some 15 states, on the average, 
ticipated in each meeting. 


actually par 


m Legal Status of Regulations 


I believe it will best serve understanding if, before I 
treat of the technical details of the draft as originally pre 
pared by the United States for submission to the conference 
and as modified by the subcommittee, I continue the 
chronology and report in particular the legal status that 
international airworthiness regulation might acquire under 
the documents that finally 
discussions. 

To establish a procedure for the further evolution of the 
technical annexes - including that relating to airworthi- 


resulted from the Chicago 


ness —the conference in one of its closing acts adopted a 
resolution calling upon all of the participating states to 
study the draft annexes as they were left at the conclusion 
of the subcommittees’ work and by May 1, 1945, to for 
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ward to the Government of the United States - or to the 
Provisional International Civil Aviation Organization if it 
should in the meantime have been established - any recom- 
mendations that they might have to offer for additions, 
deletions or changes in the texts. The resolution further 
provided that copies of all such suggestions would be 
distributed to all of the participating governments, in order 
that al] might be informed of one another’s proposals; and 
that special subcommittees, upon which each state would 
have the right of representation, would thereafter be con- 
vened to deal with the various technical specialties and to 
bring the annexes into final form. 


In the meantime the states of the world, so far as their 
present international obligations permitted (this clause 
having special reference to the obligations which the Paris 
Convention would still impose upon its members until it 
had been formally superseded by the new document) were 
urged to recognize the recommended practices adopted by 
the technical subcommittees at Chicago, and to direct their 
own national practices toward those proposed standards as 
far and as rapidly as might prove practical. All this, of 
course, was on the assumption that the drafts as left at the 
end of the Chicago meeting would be subject to further 
changes before final adoption, but that those changes 
would not be so revolutionary in nature as to vitiate the 
immediate use of the drafts as indicative of the general 
torm that final standards might possess. To quote still 
further from the final resolutions, the draft annexes were 
accepted “as constituting models of the desirable scope and 
arrangement.” 

I take this opportunity of exhorting all who feel any 
concern with the establishment of airworthiness standards 
to give serious consideration to the present draft at the 
earliest possible moment, and to give us in Washington the 
early benefit of that consideration. There is no final com- 
mitment on anyone’s part to the details of the present 
draft. In presenting our original proposals at Chicago we 
brought them forward as a basis for discussion. We have 
an undiminished right to propose amendments as of next 
May, and it is to that end that we seek the advice of those 
who will be affected by the results. 

As soon as the provisional international organization 
shall have been established at its headquarters, which the 
conference placed in Canada, the further development of 
the airworthiness code may be expected to come into the 
hands of an airworthiness subcommittee, reporting to the 
Committee on Air Navigation, which in turn will report 
to and act under the supervision of the provisional council. 
Any state which has assumed a part in the work of the 
provisional organization by signing the interim agreement 
and by assuming its share of the expenses of the organiza- 
tion will have the right to appoint a representative to the 
Committee on Air Navigation, and also to any subcom 
mittee established thereunder. The council, on the other 
hand, will be a body of 21 members, elected in Chicago 
and including the United States, Great Britain, and 
Canada. 

Although the airworthiness code and other possible 
annexes to the permanent convention can be further devel- 
oped in the provisional organization and approved by a 
majority vote of the provisional council, no action by the 
provisional organization will make any such annex an 
integral part of the permanent convention. The convention 
of Chicago, in fact, differs from that of Paris in that the 
technical annexes are not enumerated in the text. The text 






of the permanent convention, which will come into force 
only after it has been formally ratified as a treaty by a 
least 26 states, provides in Article 37 that: “The [ne 
national Civil Aviation Organization (that is to say, th 
permanent organization, as distinguished from the pp 
visional one which is to be set up in the immediate future) nd 
shall adopt and amend from time to time, as may be neos, - 
sary, international standards and recommended practices ot 
and procedures dealing with . . . airworthiness of aircrsj <i 
(and a variety of other subjects specifically named), anj age 
such other matters concerned with the safety, regularity was 
and efficiency of air navigation as may from time to ting te 
appear appropriate.” The permanent orgnization js | ny 
free to meet the demands of the future as they arise, ere. is 0 
ating new annexes as they appear to be needed. ‘i 

The adoption of annexes or amendments thereto by the oa 
permanent council will require a two-thirds vote of th a 
council’s members, who, like the members of the prov. ca 
sional council, are to number 21. Not until the permanen im 
convention has been ratified and entered into force, there om 
fore, and not until the permanent council has been estah 
lished, can the actual text of any annex be formal) ae 
adopted. In the meantime, however, the forms approved oa 
by the provisional council can be associated with the per 
manent convention for purposes of information. If t 
documents which gain such approval also receive in du 
course the required two-thirds vote of the permanent coun. 
cil, they will thereby be formally established as annexes 
the permanent convention, which will then be in force 
with respect to all states which may have ratified it. 

It is dangerous to predict the rate at which such matters 
will move; but I think I shall cover the range of proba. “y 
bility if I say that the permanent organization is not likely 
to have displaced the provisional one, as the result of the 
deposit of the requisite number of ratifications of the cor 
vention, much before the summer of 1946, nor is such id 
displacement likely to be delayed much beyond the sui . 
mer of 1947. It might be noted for purposes of comparisor 
that the Paris Convention came into actual force two years 
and nine months after the initial ceremony of signing 
Somewhere between one and two years from the present 
time, if all goes reasonably well, the permanent councl 
will be taking in hand the airworthiness code turned over 
to it with the approval of the provisional council, and wil 
be considering actual adoption. It will be at that point, and 
by the approval of two-thirds of the council, that a body o! 
airworthiness rules which will until then have had th 
status of a recommended practice — albeit a recommend 
practice which it may be hoped will receive wide respect 
and be very generally followed — will first be able to assume 
any legal force. 


Even then the force will be limited; for it is a dist 
guishing characteristic of the Chicago Convention that 1t 
technical annexes will be without compulsive effect. Not 
even in respect to the most basic rules of the air will ani 
member nation assume a binding obligation to contorm ' 
the agreed international standard. The proposal that an} 
binding commitment to adhere to such standards & 
waived came as a shock to some of those participating " 
the work of the conference, and as a disappointment | 
others; but I think they feared too much. It has require 
no compulsion and no binding long-term commitment 
induce the industries with which the SAE has dealt ove! 
the past 35 years to make a virtually unanimous adoption 
of many of the Society’s standards; and I am entirely cof 
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e desirability of a high degree of international 
yniformity in a great many matters will be so generally 
ecognized, and that the prestige of the standards adopted 

» the International Council will be so great, that national 

adherence to such standards will typically be spontaneous 
and unquest oning. 

So far as the legal forms go, however, each nation may 
The convention (Article 38) provides 
merely that “any state which finds it impractical to comply 
‘n all respects with any such international standard or 

1s may be adopted by the council) . . . or 
which deems it necessary to adopt regulations or practices 
ite fering in any particular respect from those established 
itional standard, shall give immediate notifica- 
tion to the International Civil Aviation Organization of 
he differences between its own practice and that estab- 
ished yr the international standard.” The direct obliga- 
tion is merely to give public notice of deviations from the 
internationally established rule, such deviations then being 
communicated to the world. If any state should take the 
highly improbale action of deciding that in its air space 
aircraft would turn to the left on meeting, instead of to 
the right as everywhere else in the world, it would be free 

) do so; but the airmen of the rest of the world would be 
warned of the unique hazard thus created, and might be 
expected to shun the hospitality of the territory adopting 
so eccentric a practice. 


fdent that t 


decide fol tself. 
pacers 


yy an interna 


In respect to the airworthiness of aircraft and to the 
conditions for the licensing of airmen, however, although 
there will be no commitment to adhere to the international 
standard there will be a substantial advantage in doing so. 
Each state ratifying the convention will thereby undertake 
to grant free entry to its air space to the itinerant and 
private aircraft of all other participating states, and in the 
case of the nations that sign the so-called Two-Freedoms 
agreement to aircraft engaged in scheduled air transport 
operations as well; but the privileges of entry are to be 
automatically and universally extended only to aircraft and 
airmen that have been certificated in accordance with the 
terms of an international standard, where such a standard 
exists. To the end that that distinction may be applied, the 
conveniton requires that an aircraft which did not meet 
the international standard in force at the time of its certi 
nation should have endorsed on or attached to its air- 
worthiness certificate an enumeration of the details in 
respect to which it failed to do so; while a similar enumer- 
tion will be made upon the certificate of any airman who 
may have qualified under a national code differing from 
‘he international one, and who had failed to prove himself 

‘le to measure up to the international startdard. Certifi- 
cates so endorsed would convey no general privilege with 
respect to international navigation. 

The sanction thus established was incorporated in the 
convention in consideration of the feeling manifested 
ne conterence that states should not be expected to open 
eit air space to the entry of foreign aircraft, as a perma- 
icy, without any assurance whatever regarding the 
is of airworthiness by which such aircraft would 
ve been judged, even in respect to matters deeply affect- 
the safety of other users of the air space or of persons 

round. The importance of the limitation thus 


ne 


all 


me 


co ne of preparing this manuscript for publication, the Civil 

WRN pa Board had before it a proposal from the Civil Aeronautics 

s n tor a complete revision of the airworthiness require- 
rst such revision in more than 10 years 
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established on the right of free entry should not, however, 
be overestimated. It is subject to ameliorating factors. It 
would apply only to aircraft of types of which the first 
example had not been submitted to the national authorities 
for certification until three years or more after the formal 
adoption by the permanent council of an appropriate inter- 
national standard of airworthiness. If the estimates that I 
have previously given on the possible dates of entry into 
force of the permanent convention are again used here, 
such limitations on the privilege of international operation 
for non-conforming aircraft will apply only to aircratt ot 
types of which the first example has not been completed 
and offered for certification until after some date in 1949 - 
at the earliest. In the meantime we shall have secured a 
great deal of experience with the actual work of evolving 
and applying international standards, and the world will 
be better able to judge whether the present provisions of 
the convention in these respects are be permanently 
workable ones or whether amendments should be made. 
Personally, I have every hope that they will work satis- 
factorily. I believe, at least, that the prospects are good 
enough to deserve a fair and earnest trial. Notwithstand- 
ing the skepticism widely felt in the industry about the 
feasibility of developing international standards and keep 
ing them up to date—a skepticism which parallels that 
which I myself had long felt-I have become somewhat 
more optimistic on those points. One factor in my in 
creased optimism is that I think we are a little prone to 
exaggerate the frequency with which airworthiness regula 
tions actually have to be revised to keep them current. In 
the past 14 months there has been only one amendment in 
the American airplane airworthiness regulations, and in 
more than two years there have been no amendments 
whatever in the standards of airworthiness for engines, 
propellers, general equipment or radio equipment.’ In the 
last five years, aside from the major development repre 
sented by the adoption of the new performance standards 
and flying-quality standards for aircraft in the transport 
category, there have been only about 10 changes in the 
aircraft airworthiness regulations, and most of those have 
been of trivial importance. While there will probably be 
more revisions during the years immediately after the war 
than there have been during it, it seems reasonable to hope 
that they can still be widely enough spaced to appear as 
rather rare and special events. It does not seem unreason- 
able to expect that international machinery can deal suc 
cessfully with exigencies occurring at such intervals, nor 
that it can allow a suitable opportunity for the full expres 
sion of all views before action is taken. Even though it 
will hardly be possible to bring all interested parties to 
gether into one room, as regulation on a national scale 
allows, free discussions within each nation can provide a 
consensus and a mass of informational background for the 
guidance of the nation’s representative on the council 


Suppose, however, that I am wrong in my optimism. It 
would be a proper demand of the skeptic that I face the 
worst conceivable outcome from the attempt to develop 
international standards; and I suppose that the worst that 
one can conceive would be that the pressure of other 
matters on the attention of the council might make it 
a wholly ineffectual instrument for the adjustment of 
the airworthiness requirements as technical developments 
might require, or that it might begin to act on snap judg 
ment or incomplete information, without adequate oppor- 


tunity for expression by those who, in all countries, would 
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be affected by the action. I would not expect any such 


breakdown, but it is proper to raise the question of what 
the consequences would be if the breakdown came. There 
would be three possibilities of escape. A state which be- 
lieved the airworthiness work to be going badly or to be 
about to do so, and which feared the consequences either 
for its own industry or for the general health of inter- 
national air navigation, would be able either: 

Before the final adoption of an airworthiness code by 
two-thirds vote of the permanent council, to oppose such 
adoption until the threat of administrative difficulty or 
unsound action had been overcome. The airworthiness 
material would then remain in the status of a simple 
recommended practice. 

To seek the amendment of the convention so that the 
general freedom of air navigation would be extended as a 
permanent rule to all aircraft, without regard to whether 
they met any particular airworthiness standard, upon the 
ground — if such an argument then appeared supportable — 
that the experience so far accumulated had shown that the 
drawbacks and handicaps of debarring non-conforming 
aircraft from international navigation more than offset any 
actual gain to public safety. 

3. If amendment as suggested in the second alternative 
seemed either unattainable or undesirable, to seek the 
assent of as many nations as possible to waivers of the 
pertinent sections of the convention, so that aircraft cur- 
rently built in accordance with national standards modified 
from the international ones, and not meeting the inter- 
national code, would have free entry in the territory of all 
the states so waiving. 

It is further to be recognized that it will lie with the 
permanent council, in considering the adoption of an air- 
worthiness code, to determine whether the requirements 
ity as a prerequisite for the automatic right of 
entry into international air navigation would apply to the 
airworthiness code as a whole or only to selected parts — 
presumably those parts which would reflect directly upon 
the safety of other users of the air space or of those on the 
ground. In view of the requirement of the two-thirds vote 
in the council tor adoption, and of the fact that most of 
the members of the council will represent aircraft-consum- 
ing rather than aircraft-manufacturing states, and will have 
a natural desire to keep the sources of their own supply of 
aircraft as broad and free as possible, I should expect the 
council to act with great caution in taking any action 
which might seriously restrict the manufacturers of any 
country in developing improved aircraft, or which might 
force them to conform to an airworthiness code that seemed 
liable to develop obsolescence through timidity or inertia. 
I think it may reasonably be relied upon that the full power 
which is latent in the convention for inducing conformity 
to an international standard will not be applied unless and 
until there is general satisfaction with the standard that 
has been developed, and general confidence of the capacity 
of the existing administrative machinery to keep the stand- 
ard up to date. 


of contorm 


Among other prospective developments in which I find 
reason to hope for success there is the prospective establish- 
ment of an iaiaiaiiaaa staff of technically qualified per- 
sonnel, responsible only to the international council. Its 
members would be constantly employed in conducting 
studies and preparing recommendations for the council on 
any existing differences in national practices, and upon any 
suggestions that may be made for the modification and 
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improvement of the existing international cx 


‘ : 3 des COVEring 
airworthiness and other matters. The confer: nee in Chi. 
cago, by final resolution, enjoined the Provisional organiz, 

<- 


tion to proceed forthwith to “employ in its secretariat; 
suitable body of personnel, expert in the is of ae; 
nautical science and practice in which CONtINUing sty4; 
will be particularly needed; and that such technical) 
qualified members of the secretariat should be charged 
conduct and report on such . . . studies as wil] iinet 
the sane and efficient conduct of international air transpor 
tation.” If the civil aviation council assembles a secretari, 
as loyal and as competent and as genuine in its divore 
ment from any national interests as were the major par 
the members of the secretariat which the League of Nai 
assembled at Geneva, it will have a staff which can be eno; 
mously helpful in the reconciliation of national difference 
of view and in keeping the council’s discharge of its te 
nical functions abreast of the times. That too remains : 
be tested by experience; but again I believe we may 
hopeful. 


ne 


m= Provisions of Present Draft 


In commenting on the technical details of the Chicay 
draft I shall take rather large license for the expression 
personal views. Looking at the draft as it now stands 
the light of the discussions at Chicago and of the oppo: 
tunity for some weeks of additional reflection since th 
busy period of preparation, where I think I see the oppor 
tunity for improvement I shall not hesitate to say so. 
any such comment, however, I speak as an individual, 
among the number who are concerned with the devel 
ment and adoption of the Civil Air Regulations in t 
various parts. Opinions differ in Washington as elsewher 
and in putting forward individual views, I am primar 
interested in helping to precipitate and to focus a discuss 
that will be helpful to all concerned. 

The most conspicuous difference between the drait : 
the international code and the present airworthiness reg. 
lations of the United States is in the recognition in t 
former of categories of aircraft that make no appearance 
the latter. I believe it has been agreed in theory by ever 
body in this country, for at least six years, that categorie 
should be established upon a basis of intended use, anc 
with correspondingly different structural and other r 
quirements. Their actual establishment in regulation, ho 
ever, has been limited to the introduction of the transport 
category in 1940- with extended modification two | 
later. They have been badly overdue. In the drait n 
under discussion there is a further recognition of | 
training, and acrobatic categories. 


a 


For the normal category the load factors incorporated 1 
the international draft depart from the existing America 
practice by eliminating power loading as a factor gover! 
ing the maneuvering load. I believe that there is at 
general agreement that power loading has played tar | 
large a part in the past, under regulations which 
require that the load factor be increased by about 25 
when the power loading is halved. The prop 
national code also conforms to what I believe ha 
time been the general trend of expert opinion in provicil: 
for a less rapid decrease of load factor with 1 
weight than the present American regulations p 
Fig. 1 indicates, the international draft would 
higher load factor than the existing American 1 
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a ¢ - Variation 
at vering limit 
oc or with de- 
sigr off weight 
ur he present 
Ar regulations 
ss er the pro- 
p08 nternational 
sndard 
mum |(5.33) 
20 5,000 10,000 15,000 
w- 
ise of aircratt having weights in excess of: 
Weight at Which the Load Factors 
ding under the Two Codes Would Be Equal 
12 or les 40,000 
22,000 
13,500 
. 8000 
6300 
re are very few cases within the range of 
sign practice in which the new draft would call 
ering load factors more than 3% above the 
erican requirements, or permit them to drop 
re than 6 or 8% below those requirements, except that 


ight planes the factors allowed by the new 
some instances be as much as 20% below 
ng one. American airworthiness requirements 
t any light plane may be used for training, 
e designed for all the maneuvers likely to be 
training. The natural consequence of recog- 
ng stinction between normal, training, and acro- 
gories is that the requirement for the normal 
‘egory, even tor the smallest aircraft, is based on the 
| in the maneuvers which are incidental 
ntry flying — with the corresponding expectation 
ng and acrobatic flying will be done only with 
to the factors specifically chosen for those 
s seems thoroughly sound. 

training category the limit load factor is estab- 
flat value of 4.4, and for the acrobatic category 
irdless of weight. The former value roughly 
to the present American maneuvering require- 

typical light plane. 
ls in the new draft remain substantially as in 
regulations, except that it is provided that the 
ch the aircraft is designed to meet the 30-ft 
i not in any case be less than 90% of the maxi- 
t the aircraft at sea level, and the design speed 
gust is taken ata constant 40° above that for 
ist — giving slightly higher values for V, (dive 
lysis) than usually arise for transport aircraft 
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under present United States practices. The placing of 
some restriction on a designer’s choice of the speed at 
which the 30-ft gust is to be assumed seems appropriate in 
view of the possibility that violent gusts may be encoun- 
tered with no previous warning to the pilot, and the con- 
sequent necessity of building the aircraft to sustain their 
effect when the encounter occurs at the highest speed at 
which the airplane is likely to be flying during any appre- 
ciable part of its total flight life. 

The statement of the conditions used in structural anal- 
ysis has been simplified, in accordance with the general 
trend of recent practice, by substituting a V, diagram for 
a series of separately defined conditions. The basic prin- 
ciple of the diagram adopted is that the maneuvering load 
factor must be made good at all speeds from the “dive 
speed,” which must be at least 1.26 times the maximum 
level speed at sea level, down to the speed corresponding 
to the angle of maximum lift. The load factor correspond 
ing to a 30-ft gust at a speed at least 90% of the sea-level 
maximum must also be made good from that speed down 
to the speed corresponding to the angle of maximum lift. 
The latter requirement may be unnecessarily severe, since 
under the theory by which gust loads are determined it is 
impossible for the gust load factor to remain constant as 
the speed is reduced. 

The use of a constant load factor has the advantage, 
however, of assuring the ability of the aircraft structure to 
withstand gusts of an apparent velocity of more than 30 
fps at speeds below the maximum speed for which the 
design for the 30-ft gust is made. Pilots may be expected 
to reduce speed when flying in air which is continuously 
turbulent, to a speed from 15 to 30% below the cruising 
speed of the aircraft; and such reduction, under the design 
conditions set forth in the Chicago draft, would insure the 
ability to stand gusts of apparent velocities of from 35 fps 
(with a 15% reduction of speed) to 43 fps (for a 30% 
reduction). Such ability generally exists in present types 
as an incidental consequence of their having been designed 
for the load factor created by the 30-ft gust at V,; but it is 
not specifically required. Apparent gust velocities as high 











as 40 tps have, of course, been shown by recording accel- 
erometer records to occur under very unfavorable condi- 
tions, although only with extreme rarity. 

Aside from the points mentioned, the most important 
changes in structural condition appearing in the new draft 
are the result of an effort for even more rationalization than 
has so far been attained. Both tail loads and landing loads, 
in place of being numerically fixed as in the present Civil 
Air Regulations, are specified in terms of the ability of the 
structure to sustain a specific flight or landing condition. 

Specifically, instead of assuming that the maximum 
maneuvering loads imposed on horizontal tail surfaces will 
correspond to a normal force coefficient of 0.55 in one 
direction and 0.35 in the other, the new draft requires that 
the horizontal surfaces be designed for “maneuvering loads 
resulting from suddenly pulling the airplane up from 
steady flight . . . to the limit load factor and returning to 
unaccelerated flight.” I believe there will be no quarrel 
with the objective. It is faithful to the direction in which 
we have long been moving in establishing structural re- 
quirements and rightly so; but there may be uncertainty 
about the adequacy of our present knowledge for deter- 
mining the magnitude of the loads that would result from 
the maneuver described, and some question also concerning 
the interpretation of the word “suddenly,” since the tail 
load will be largely influenced by the violence with which 
the assumed maneuver is executed. Those matters are 
undergoing intensive study in the CAA at the present time. 

The case for increased rationalization is much clearer on 
landing loads, for which such a change has in fact been 
long overdue. As a basic condition the new draft elimi- 
nates the existing arbitrary relationship of landing factors 
to gross weight and wing loading, and substitutes a gen- 
eral obligation to design for a vertical velocity of 720 fpm 
at contact as an ultimate condition. 

The figure seems a high one, especially for small aircraft; 
and as I reflect on the matter now I believe that it might 
be more appropriate to relate the assumed rate of descent 
either to the stalling speed of the aircraft or to its sinking 
speed in a normal glide, with resultant values for a limit 
landing condition (rather than an ultimate one as specified 
in the draft) ranging from 500-600 fpm for transports 
down to some 30 fpm for light planes. The value for a 
transport certainly ought to permit contact with a runway 
at the anticipated approach speed and while pursuing a 
path sloped somewhat more steeply than the normal slope 
of approach for instrument landing. 

A number of other landing conditions are also specified 
in the new draft, both for nose-wheel and for tail-wheel 
landing gears. The new approach is both more specific 
and more scientific than the old, and moves toward a 
remedy of what has always seemed to me to be one of the 
outstanding weaknesses in our present regulations. With 
respect to water loads on seaplanes no similar increase in 
rationalization has been attempted, the conditions in the 
Chicago draft remaining as in the Civil Air Regulations. 

Although most of the points that I have mentioned stand 
as they did in the original draft prepared by the CAA 
committee last summer, a few structural provisions were 
changed in subcommittee on the motion of representatives 
from other countries. An example was in the require- 
ments for safety-belt-loads, in respect to which the original 
American draft had called merely for a 1000-lb load at a 
45-deg angle to the horizontal, whereas the subcommittee 
accepted a British proposal for modification to impose 
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loads of 1g upwards, 3g forward, and tg — 
transport aircraft; and 4g, 9g, and 1g, respectively, j 
batic types. 

An important innovation in the Chicago draft ; 
requirement that operating manuals be provided { for al 
types of aircraft, and not merely for transport types x 
under the existing Civil Air Regulations. | belicee hea 
will be general agreement on the desirability of such , 
manual; and the draft is not so specific regarding th. 
manual’s content as to leave much opportunity for argu 
ment there. It requires merely that “the manual ha 
contain and explain all operating limitations and gy 
other information as may be required to insure safety in 
operation.” I believe that regulatory requirement, whethe; 
of purely national or of international scope, can and sho 
go substantially farther than that in listing specific item: 
for inclusion in general accordance with the standards 
already adopted for the manuals for aircraft in the 
port category. 

The changes from existing regulations in respect to per 
formance, although less extensive, are likely to be mor 
controversial. The most drastic of the changes in its effec 
is a proposed increase of the minimum “rate of climb 
allowed in any type of aircraft from 300 fpm, as in the 
present American regulations, to 500 fpm in the 
prepared by the CAA committee and discussed at Chicage 
A number of models of private aircraft now in extensive 
use could not have qualified under the increased gu 
and I can hardly argue in its favor, since I have so of 
defended the view that the establishment of fixed limit 
performance for private aircraft by Government regulat 
ought to be kept to the barest minimum. [ have long 
believed that the emphasis ought to be placed rather upor 
the determination and certification of the actual perforn 
ance of the particular aircraft, in order that the owner 
potential purchaser may have reliable data by which ' 
guide his own decisions. No one can doubt that an 1 { 
crease of rate of climb is always a safety factor; but that 
seems to be the sort of margin of safety of which th 
precise extent ought to be determined, for private users, 
the discretion of the purchaser and his own knowledge ci 
the use to which he intends to put the airplane, rather than 
by governmental fiat. 

A somewhat similar comment may be made on th 
requirement in the Chicago draft that all multi-eng 
aircraft, even though not certificated in the transport cat 
gory, must have a rate of climb of approximately 1 
at an altitude of 5000 ft with one engine inoperativ 
long as single-engine aircraft are allowed to fly at ail, th 
use of multiple engines will be a safety factor in many casts 
even if it dges nothing more than stretch the glide aiter 2 
engine failure. At worst, the twin-engine plane will 
better off after engine stoppage than the single-engine ‘ 


Cro. 


rans- 





Having expressed a personal doubt of the desirability 
increasing climb requirements in two cases, I come 10 # 
third which I can regard more favorably. The Chicag 
draft proposes a doubling of the present requirement '! 
minimum rate of climb for aircraft in the transport 
gory with one engine stopped, at maximum rated eng!" 
power for continuous operation and otherwise in standat 
cruising conditions, raising it from approximately 
approximately 200 fpm (the exact figures depending up 
the stalling speed). Although 200 fpm with one engi" 
inoperative may possibly be more than can reasonably 
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RIGINALLY, the light-weight, low-unit- 

ground-pressure cargo carrier called the 
weasel was designed primarily for snow opera- 
tions; but later, as testing and dévelopment work 
progressed, its usefulness was extended to opera- 
tions in swamps and muddy terrain, through 
which wheeled and high-unit-pressure vehicles 
could not be operated. 


Many problems arose during the intensive de- 
velopment program that was necessary because 
of the need for getting the manufacture of pro- 
duction vehicles underway quickly. 


Difficulties were experienced in steering, Mr. 
Churchill relates, and the tracks of early models 
had a tendency to throw. These and other prob- 
lems discussed here by Mr. Churchill were solved, 
however, so that the third vehicle designed, 
known as the M-29, is currently in production and 
serving on many fronts. 


THE AUTHOR: H. E. CHURCHILL (M ‘41), chief 
research engineer, Studebaker Corp., has been connected 
with the organization for 15 years. He was previously with 
Dodge Brothers, where he worked in the Chassis Design 
Division for approximately one year. 


THE “WEASEL 


by H. E. CHURCHILL 


iG Chief Research Engineer 
Studebaker Corp. 


W BSTER defines the weasel as a small, elongated, red- 
h-br quadruped which, in cold regions, turns 
winter. The noun assumed a sinister meaning 

rly atter Pearl Harbor. While the Japs were stealthily 
up the Aleutian Islands, occupying Kiska and 
, and bombing Dutch Harbor, simultaneous engineer- 

ng design, development, and production planning were 
secretly at South Bend on a light-weight, 
nit-ground-pressure cargo carrier designed primarily 
\ eration, 


ae AU aiU 


The code word “weasel” was ap- 
applied to the project. 
1942, the project was outlined by members 
© British and United States Army General Staffs and 
tice of Scientific Research and Development to The 
orp., which accepted the assignment. Such 
ill length, width, track length on the ground, 
nate gross weight were contained in the 
minary specifications. A life expectancy of 
s, 95°o snow and 5% hard ground, was estab- 
00 § lec. Starting from scratch, the first experimental model 
for vas ready for road tests on June 24, 1942, just 38 days 


now involved two self-sustaining expeditions 
uartered in the snow fields of the Columbia Glacier. 
mens and equipment were often flown in to 
insportation delays, and on one occasion a com- 


was presented at a meeting of the South Bend division 
Section of the SAE, South Bend, Ind., March 19, 1945,.] 


10 October, 1945 





plete vehicle was carried by Army Air Transport to the 
locality of the test fields. 

The first experimental vehicle (Fig. 1) was designed to 
be used for either snow or water opeiations. A tunnel 
stern and propeller, driven from a power take-off mechan- 
ism in the powerplant, were employed for water propul- 
sion. The vehicle was 196 in. long, 60 in. wide, and had a 
silhouette height with the top down of 50% in. The track 
was front driven by a controlled steering differential and 
the powerplant located approximately amidships. Eight 
bogie wheels, arranged in four pairs per side, carried the 
vehicle load on the flexible cable, band-type track. Each 
pair of bogies was connected by longitudinal, semielliptic 
springs pivotally anchored to suitable outriggers attached 
to the hull. 

This vehicle had provision for a crew of two and storage 
space in the hull sponsons for their necessary equipment 
and supplies. The vehicle weighed approximately 7000 
lb with full cargo load. The suspension provided 89 in. 
of track on the ground and a 45-in. tread, giving a length 
of track on the ground to tread ratio of 1.97. Each track 
was 15 in. wide and, on the basis of area of track in con 
tact with the ground, a unit ground pressure of 2.25 psi 
was obtained. 

Steering was very difficult and practically impossible 
because of the high length of track on the ground to tread 
ratio. Maximum speed was below expectations because 
of high rolling resistance and low power to weight ratio. 

To meet certain strategic requirements and because of 
the undesirable characteristics as determined from initial 
tests, changes in specifications were made during the design 
of the first model. The second design (Fig. 2), construc 
tion of which was carried on concurrently with work on 
the first design, was later approved and released to pro 
duction. Several hundred of these vehicles (Fig. 3), 
known as the model T-15 or M-28, were produced. Pro 
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a Fig. | — First 
experimental 
model of the 











weasel 


























peller propulsion in water was abandoned and the overall 
length was reduced to 128 in. in order to reduce vehicle 
weight. The powerplant was located in the rear but the 
front track drive was retained. 

Even though the overall length of the vehicle was re- 
duced, no appreciable change in cargo volume was made. 
The length of track in contact with the ground was re- 
duced to 62 in., giving a length of track on ground to 
tread ratio of 1.6. This ratio overcame the steering difh- 
culty experienced with the first model. This ratio is com- 
parable with other heavier track-laying types of vehicle. 
The vehicle loaded had a gross weight of 4600 lb. The 
track width was increased from 15 in. to 18 in. which, 
on the basis of track area in contact with the ground, gave 
a unit ground pressure of 2.0 psi at zero penetration. 

Because of the extreme flexibility and width of the 
tracks, considerable work was done to reduce their ten- 
dency to throw. The suspension consisted of four bogies 
per side (Figs. 4 and 5), arranged in pairs and connected 
together by compound semielliptic springs, which were 
pivotally mounted to outriggered cross members, which 
formed a part of the main hull framework. The final 
design bogie, as released to production, consisted of cam- 











a Fig. 3-—M-28 weasel 


bered bogie wheels mounted in pairs and pivoted « 
connection with the suspension springs. The can 
bogie wheel and guide flange construction provid 
point contact with the track guide lugs but also pr 
a diverging guide throat which gave more cleat 
variations in the angle of approach of the track gui 
the bogie over rough surfaces. 

Certain deficiencies in construction were noted as t 




















a Fig. 2—Second 
model of the 
weasel 
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» Fig. 5— Experimental suspensions of M-28 


lopment on this model progressed but, becaus« 
urgency for production vehicles, it was impossible to 
nate these deficiencies and maintain production. As 
erience with this extremely low-ground-pressure 
egan to accumulate, it was thought possible to extend 
Iness for operations in swamp and muddy terrain 
in which wheeled and high-unit-pressure vehicles 


) 











a Fig. 7—M-29 (upper view) and M-28 (lower view) illustrate 
comparative seating arrangement and cargo space 


could not operate. It was apparent that a 
design was justified. Among the major items to be im 
proved in the redesign of the vehicle were th 


ymoplete re 


following: 
1. Increase life. 

2. Reduce rolling resistance. 

3. Improve cooling. 

4. Increase flotation or effective area of track in 


ntact 
with the ground. 
5. Improve spring suspension. 
6. Improve hill-climbing ability. 
7. Increase cargo capacity. 
These improvements were incorporated in a third de 


sign (Fig. 6) vehicle known as the M-29, which is cur- 
rently in production. Unlike its predecessor, the power- 
plant is installed in the front and track drive through the 
control differential is located at the rear —just the reverse 
of the T-15. Driving controls are located on the left side 
of the vehicle. Approximately the rear half of 
tight hull (Fig. 7) is clear space for cargo or sp 


the water 
ial « quip 














a Fig. 6 — M-29 


weasel 

















a Fig. 8 = Later 


| | modification of 
{| M-29 with de- 


tachable stern 
cell to add buoy- 
ancy 
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WN 
ment. Seating is provided for three passengers plus the 
driver. Cooling air is taken in at the front of the vehick 5 
and passes through a tunnel in the hull, discharging es 


ward through a suitable duct at the rear. 


Later modifications (Fig. 8) consisting of detacha 
bow and stern cells to add buoyancy are currently being 
supplied as standard equipment. Certain design features 
of these units assist self-propulsion by means of the tra 
only in deep water. This model has an overall lengtt 
192% in., and is equipped with 20-in. tracks located 
45-1n. tread center. Seventy-eight inches of track on ground 
gives a unit pressure of 1.91 psi on the basis of track area 
in contact with the ground. The vehicle is suspended 
four semielliptic transverse springs, the anchorages {or 
which are a component part of the hull framework. Eig 
bogie wheels per side (Fig. 9) carry the load. These bogie 
wheels are pivotally attached to the suspension (Fig. | 
and connected rigidly in pairs by forgings. 





In our consideration of fundamental design chara 
istics for the M-29C, and to increase the life of the v« 
without the addition of considerable weight, it was appareat 
that shock loading would have to be reduced in order 
increase vehicle life. Various types of suspension (Fig 





II, 12, 13, 14, and 15), in which lower bogie wheel sprit 
rates would be feasible, were considered. The wheel rat 
of the M-28 was about 600 lb per in., as compared wi! 
approximately 150 lb per in. on the M-29C. This reducts 
in wheel rate is partially accomplished by increasing 
number of points of suspension from two to four an 
the use of the independent type of wheel suspe! 
tained with the cross-spring design. The primary 
construction is built around a backbone or keel sect 
consisting of longitudinal beams to which the spring $ 





, ‘ ‘ : Ss attached. The ¥} ins ‘ construct 
m Fig. 10-Bogie wheels are pivotally attached to the suspension ports Ste attached The longitudinal beam 


and rigidly connected in pairs by forgings carries the column or compression loads imposed 
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a Fig. 11 — Six 
pair of angle 
bogies with trans- 
verse springing, 
on each side 
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forces as well as vehicle weight transmitted to it through 


the closed spring suspension. 


@ Rolling Resistance 
The T-15 


5, as designed and produced, had several in- 
herent c 


haracteristics of the track and suspension system 
which contributed to roughness and high rolling resistance 
of the vehicle. These factors all tended to reduce speed 
on. Width of track plate, weight per unit 
length of track, grouser action when entering and leaving 
the ground, and mass, distribution were some of the items 
believed to contribute to roughness and high rolling resis- 
tance. Drift tests showed 


and accelerati 


a 20% reduction in rolling 


resistance when the grousers were removed from the pro- 
duction track. Qualitative tests also indicated that rolling 
resistance lowers as the width of track plate or pitch is 
reduced. Results of some of the factors investigated fol- 
low in detail. 


(a) Track Plate Width 
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a Fig. 15 — Eight | 
pair of straight 

bogies with lon- J 
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ing, on each side 
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m Fig. 


14 — Six 
pair of straight 
bogies with trans- 


verse springing, 
on each side 


44-in. wide plates were produced experimentally 
tested in comparison with the 6-in. plate used on the 7 


Qualitatively, the 3 


-in. plate track was much 
in operation and approximately 10% lower in rolling 


sistance than the 6-in. plate track. Endurance tests reveal 


en 
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oother 


lack of bending strength in the 244-in. wide plate 
s § I 


was also unstable as a platform in snow. 


Tests in 


wet snow showed excessived plate rocking with this w 
of track plate. The 34-in. track plates failed after only 5: 
miles of operation on the proving ground enduran 


course, 


struction. 


Subsequent test results on the M-29 


i 


that 44-in. plate width is about the minimum t 
be used with this weight of vehicle if adequate 
and plate stability in snow are to be maintained. 


(b) Reduction in Track Weight by Using ‘ 


Type of Plate--Experimental samples of a “snowsho 


Sn 


le 


/ 


“ 


nitcr 
it 


1 


im 


' 


It was also determined that a snow clearance hi 
is necessary to prevent icing, even with a single 


type design of plate employing a rectangular tubular fra 











on ground: 8934 
in.; total ground 
contact area: 
3231 sq in.; unit 
pressure: |.44 psi 
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| metal center section were built and 
ratory for strength in bending. It was 

expanded metal center section would 
essity for grousers but static tests revealed 
saving could be effected if comparable 
ing were to be maintained. No further 
s given to this item because of the unsatis- 
bending tests. 


Track Plates and Grousers when Contact- 
the Ground — Observation of track pat- 
nd soft ground indicates that considerable 
s absorbed by the shearing action of the 
enters and leaves the road surface. This 
in some designs by plate rocking as the 
the track. Graphic analysis of this action 
and the effect of changes on angle of 
retreat, as well as grouser location, have 


These studies indicate that: 


st loss occurs when the grouser is placed at 
of the plate. 


2. | nterference is minimized as the angles of 
i departure of the track, relative to the ground 


€( 


} 


\ \ A 


1ose cross-section approaches an involute 

ocated midway between the leading and trail- 
g edges of the plate shows the least interference when 
ter ng the ground. 


hortest height of grouser consistent with satis- 
performance is desirable. 
llowing three track designs were built and tested 
with the standard T-15 track: 
late width with centrally located 144-in. high 
grou nd no stabilizer bars. 


2. A 6-1n. plate width with centrally located 14-in. high 
no stabilizer bars. 
\ 6in. plate width with 144-in. high grouser located 
g edge ot plate and employing two stabilizer pads 
ocated under the track bands to eliminate plate 
irc yr und. 


ihe 3-in. plate central grouser track was quieter and 
ther in operation on snow than the 6-in. width plates 
on or either of design Nos. 2 or 3 above; how 
rack had serious plate-rocking characteristics 
tuceably reduced the climbing ability of the vehicle 
Plate rocking in this track caused the grouser to 
horizontal plane, the compacted snow under 

is the bogies rolled over the plates, thus causing 
ible and serious loss in traction. This track was 
susceptible to throwing due to icing (Fig. 16), 
iuse no snow clearance holes could be provided in the 
nter of the plate without too great a sacrifice in beam 
rength ot the plate. Icing occurred principally under the 


4 


Track Ne with 6-in. wide plate and central grouser 
cat had no serious plate-rocking characteristics in 
was very unstable on hard ground. This condition 
nated in track No. 3 by the addition of longitudi- 
r pads as stabilizers, and which were later released 
icon on the T-24. This track, with central 


g ation, when compared with the production T-15 


or N track above, showed much less disturbance of the 
t rn due to grouser interference. 
10 Octot 1945 
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m Fig. 16—Icing on this type of track made it susceptible to 


throwing 
The 6-in. plate, No. 3 track above, with the grouser at 
the rear, did not show any appreciable improvement over 
the production design except the stabilizer blocks or track” 
pads reduced track noise on hard ground because the 
rubber pads carried all track load at zero penetration and 
prevented contact of the steel grouser with the ground. 
The track pads also showed a very slight tendency to re- 
duce side slip on traverses in snow. 


Results of rolling resistance tests indicated that: 


1. The rolling resistance per thousand pounds weight of 
the vehicle, with production tracks minus grousers, is con 
siderably higher than for other track-laying vehicles, prob 
ably because this particular vehicle has a much lower gross 
weight and the work required to rotate the tracks is not 
proportional to the weight of vehicle. 


2. Rolling resistance increases with the addition of a 
grouser and also with an increase in plate width for given 
diameters of sprockets, idlers, and bogie wheels. 

(d) Bogie Wheel Rolling Resistance — Our investigations 
were concerned primarily with the effect of diameters of 
bogie wheels and the difference between straight and 
cambered bogies. 


Laboratory measurements of rolling resistance were 
made by towing a trackless vehicle on production track 
bands placed parallel on a flat surface. The vehicle load 
was carried on the bogie wheels. The forces required to 
start movement and sustain movement or roll were mea- 
sured for the various combinations tested. The results in 
terms of drawbar pull per thousand pounds weight are 
given in Table 1. 


test weight. 


All data are based on a 3000-lb vehicle 


Table 1 — Forces Required To Start and To Roll 


Rolling Resistance, 
Ib per thousand 


Case 
No. Condition Starting Rolling 
1 T-15 8-in. bogies cambered 2212 deg 27.0 17.0 
Same as No. 1 except caster angle removed from 
front bogie 20.0 13.0 
3 Same as No. 1 except rolled on wood tracks 18.3 16.0 
4 Same as No, 2 except rolled on wood tracks 16.0 12.0 
5 Same as No. 1 except parallel bogfes 8 in. in diameter 20.5 13.0 
§ Same as No. 1 except parallel ies 12in.in diameter 15.0 9.3 
7 M-29 production vehicle equipped with eight 8-in. 
diame‘er bogie wheels per side 24.9 18.9 



































© Production T-15 Eight 8” Angle Bogie Wheels 
@® Production 1-15 Eight 12” Straight Bogie Wheels 
140}— @ “Corrigan” Sixteen &” Straight Bogie Wheels — 
Force to Move Vehicle over Plateless Track Belts 
120 
100 
80 1 
3 Sixteen 8” Straight 
a Wheels 
w 60} +———_}———— 
(=) | 
= Eight &” Angle Wheels 
& 
40}+-—— | © 
| , is 
Eight (2° Straight Wheels——— 
, \O~ _ 
° Pounds per 1000 . Pee ee ee 
@— Sc fo ee | ee 2 ate 
i] i. 
Le) ! 2 3 4 5 (a 
TRACK LOAD 
LBS. x 1000 


m Fig. 17 - Bogie rolling resistance versus vehicle weight 


These results indicate the effect of bogie wheel design 
on rolling resistance. Parallel bogies in case No. 5 show a 
23% reduction when compared with the same 8-in. diam 
eter cambered bogies in case No. 1. Bogie diameter effect 
is indicated by the 25% reduction in rolling resistance of 
the 12-in. diameter bogies in case No. 6 when compared 
with the 8-in. diameter bogies of case No. 5. These data 
do not include the resistance of the track and drive train; 
therefore, the percentages quoted are not applicable to total 
vehicle resistance. They do indicate quite clearly the defi- 
nite improvement to be expected by the use of straight 
bogies. It may also be noted that 16 parallel 8-in. bogies in 
case No. 7 have about the same rolling resistance as eight 
angled bogies indicated in case No. 1. 

Bogie wheel load versus rolling resistance tests were 
made in which angle bogies, 12-in. diameter parallel bogies, 
and a prototype of the M-29 incorporating eight 8-in. 
diameter parallel bogie wheels per side were compared. 
The results are graphically illustrated in Fig. 17. 

Eight parallel bogies per side have about the same resis- 
tance, 20 lb per 1000, as four angled bogies per side of the 
same diameter. Four 12-in. diameter parallel bogie wheels 
per side reduce rolling resistance of the wheels on the 
track approximately 50%. Assuming a total rolling resis- 
tance of 100 |b per 1000 as an average for this vehicle, the 
10-lb reduction obtained with 12-in. diameter wheels then 
becomes only 10% of the total resistance. However, flota- 
tion and climbing tests indicated the desirability of more 
bogies per side for the redesigned vehicle, and it was 
decided that the advantage of eight 8-in. diameter parallel 
wheels per side justified their use since the rolling resis- 
tance was no greater than four angle bogie wheels. In fact, 
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it may be observed that the resistance is le 


ss for , 
loads in excess of 4000 lb. 





= Climbing Ability 


Mass distribution, unit load per bogie, and track speed 
are major factors controlling maximum gradability di 
vehicle operating over a compressible or displaceable . 
dium. Vertical and longitudinal locations of center ¢ 
gravity, which in turn have a direct effect on unit load pe 
bogie, assume first order of importance as demonstrated 
qualitative test results. The model M-28, with 4 hii 
center of gravity located to the rear of the centerline ¢ 
track area, always ran in soft snow with a bow high ayy 
even on level ground (Figs. 18 and 19). This not og 
caused high rolling resistance due to increased flexing g 
the track and high penetration but also reduced the tange 
grade which the vehicle would climb without loss of ste 
ing control. 





The principal portion of the driving force was obtaing 
from the rear part of the track because of the high uni 
pressures under the rear bogies; hence, as soon as the for: 
required to drive exceeded the shear strength of the terraiz 
on which the climb was being made, track slippage would ‘ 
be encountered, with a resultant loss in directional contr 
This produced what we termed a “falling off” effect. }; 
providing more points of support on the track, moving th 
center of gravity forward and lower with respect to the 
ground, maximum gradability of the M-29 is approv. 
mately 20% better than its predecessor, the M-28. T! 
improvement is chiefly due to lower unit bogie load a 1 
better mass distribution obtained by moving the center ¢ 
gravity forward and lower with respect to the groun 
Following is a discussion of several other items aff 
gradability. 





1. Increased Power—Test experience in snow has dem 
onstrated that the M-29 has ample power for climbing i 
snow; in fact, maximum gradability in soft snow is 
tained at part throttle by running in low-gear, low-transie: 
at as low a track speed as possible, consistent with smoot 
engine performance. Increased power would thus be ben 
ficial only in obtaining higher vehicle speeds on level sn 
Designs and studies were made incorporating an engio 
with 30% increased torque. This design 


from further consideration because: (a) 


is 


the power 


weight increased 200 lb; (b) the increased torqu 


necessitate complete redesign of all units in the di 
resulting in a further increase of 150 to 200 |b; an 





m Fig. 18 -Bow high aspect of M-28 on level ground coveres 
soft snow 
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climbing indicated the highest ratio available was too low 
for good climbing ability in soft snow. 
Table 2 shows the comparison of torque multiplication 
and vehicle speed at 4000 rpm, based on a 5.85 axle ratio 
for the M-28 and 4.87 ratio for the M-29. ! 


t 





Table 2 — Torque Multiplication and Vehicle Speed at 4000 Rpm 











be Gear M-28 M-29 

d bp Transfer Trans- Torque Mph at Torque Moh at 
ie Case mission Multiplication 4000 Rpm Multiplication 4000 Rpm 
nigh High = Third 8.93 32.0 7.9 36.4 
eg High Second 13.9 20.6 12.3 23.4 
“Ss High First 23.8 12.0 21.0 13.7 
Dect Low Third 17.73 16.1 24.9 11.5 
a Low Second 27.7 10.3 38.8 7.4 
Only Low First 47.2 6.05 66.2 4.33 


Tests of the M-29 ratios gave better hill-climbing and 
high-speed performance under all conditions than the M-28 
ratios. Under maximum climb conditions, or low-transfer, 
low-gear operation in soft snow, the M-29 track speed can 
be maintained 28% lower than the M-28 for equal engine 


speeds. 


ned 
Unt 
Loree 





= Flotation 


Unit ground pressures are specified in pounds per square 
inch. This value is obtained by dividing the gross vehicle 
weight by the area of track in contact with the ground. 
A figure thus obtained can only apply for hard surfaces 
in which no penetration occurs and if the track is a rigid 
structure supporting a load whose center of gravity is in 
the center of the track area in contact with the ground. 
Bearing pressures thus obtained for vehicles which operate 
in a compressible medium are therefore fallacious unless 
the track is a rigid structure, and then would only apply 
for a horizontal vehicle position. 


Due to bogie spacing, flexible tracks assume a reversed 
catenary shape in snow or mud. Standing waves produced 
by unequal bogie load distribution and concentrated bogie 


Fig. 19- Effect of center-of-gravity location on hill climbing 





rooth tal increase in vehicle weight probably would result in a loads on localized sections of the track were also observed. 
1 overall performance. The standing wave is due to a rearward location of the 
2. Rear Drive versus Front Drive-A_ rear-drive ar- center of gravity. No standing wave is observed in vehicles 
‘a ngement for this particular type of vehicle is advan- with center of gravity forward, because the most heavily 
e geous and desirable in obtaining a simple drive train loaded bogie runs over the compressible medium first. 
| permits disposition of the major vehicle driving and Subsequent passage of the lower-loaded bogies, therefore, 
ver units for a good location of the vehicle center of does not produce further compression of the snow, and 
Direct comparisons of rear-drive vehicles versus consequently the only deviation from a straight track 1s 
lrive vehicles were made. No actual detrimental due to the concentration of loads in sections of the bands 
n performance could be observed in the rear-drive adjacent to the bogie wheels. 
_ Several observations made during tests are re-  ° These track conditions were demonstrated in snow by 
rded herewith: graphically measuring actual track shapes under various 


load distributions. The various track shapes were demon- 
strated statically on the same vehicle by running it into 
fresh snow. The snow was carefully removed alongside 


[he front idler wheel mechanism is not subjected to 
iriving loads in forward operation. 





b) Track tension i > unif in forwar 
LACK mo + . . 
ag 4 " 4 uniform in torward operation the track, exposing the track contour, and photographed. 
cause the reaction to the driv > j aken | ah oi 
Sn CANOE CO CRE-CHVING SOECE 18 Ot taken in the The standard vehicle with rearward center of gravity and 
1 mechanism, ¢ : . : i 
run forward showed high penetration under the rear 
Slack track, between the front bogie and the front bogies, with resultant standing waves (Fig. 20A) in front 
tr forward track load, is eliminated. of each bogie wheel. The vehicle was then run backwards 
Overy ss te on ore into the same type snow which, as far ; ack ere 
all Gear Reductions in Driving Train — The pro- - oa hich, as far as tracks age y 
; > cerned, reversed the position of mass center relative to the 
Patios available in the M-28 were necessarily fixed entrance bogie. No standing wave (Fig. 20B) was observed, 
ie transmission and transfer cases which were in pro- because the highest loaded bogie entered the snow first. 
4 with ction lece ratinc seal ° =. : . f ore ’ . ° : 
d as ratios overlapped, notably in high-transfer The reversed catenary did exist because of bogie spacing 
gear and low-transfer third gear. Test experience in or lack of track rigidity. To assimilate a rigid track the 
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w Fig. 20 — Flexible tracks of standard vehicle 





m Fig. 21 —Effect of number of bogies on track distortion and 
gradability 


vehicle was then run onto fresh snow over a t-in. board. 
No standing wave or reverse catenary was observed (Fig. 


20C). Track distortion becomes greater on grades (Fig 


21), because the inequalities in bogie load become greater. 


a Fig. 22-Influence of center-of-gravity location on penetratics 
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Since depth. of penetration is a definite function a4 
and load distribution, and since work is required to com 





press the medium, it is desirable to reduce the inequa 
and thus minimize depth of penetration. Penetrat 
each individual bogie (Fig. 22) on vehicles equippe 
flexible tracks is a definite function of each bogie load 
reduce track flexure, it is desirable that the entering « l 








will roll over the compressed area without causing further 
disturbance of the track pattern. Excessive inequalit 


leading bogie be loaded heaviest because succeeding 


load between the entering and succeeding bog 

the expenditure of unnecessary work because an unnec 
sary amount of material is being compressed. Unit bog 
loads, of course, are dependent on the number of boge 





used, and therefore the maximum number of bogies s! 





be used on any vehicle intended primarily to run 
pressible media. 

The effect of number of bogies and location of 
gravity is illustrated in Fig. 23. If we assume a v 
weight of 4000 pounds and a total track length « 
ground of 75 in., this vehicle, equipped with four boge 
(Fig. 24), would have a 200-lb greater bogie wheel loa¢ 
the rear than on the front if the center of gravity 





5 in. off the centerline of the track. This same vel 
would have a 16% less maximum bogie load per whe 
the center of gravity were on the centerline of the 
If the same vehicle were equipped with six bogie whe 
per side (Fig. 25) instead of four, loads per bogie whe 
would be reduced approximately 33%. Again, assuming 
the same vehicle to be equipped with. eight bogie whet 
per side (Fig. 26), the bogie load per wheel would 
reduced 50%. Since depth of penetration is definite 
related to power required to drive, it can readily be s* 


that the maximum number of bogie wheels an 

or slightly forward center of gravity are definit 
Qualitative tests to determine the effect of inc! 

area were made on an M-28 equipped with a 

track. Otherwise, the vehicle was standard ex 

increased weight of 95 lb, due to the wider tra Tab 

gives the calculated ground pressures of the experimen’ 

and standard tracks as tested. 
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‘ 400 600* Goo" 
Loads «f CG was on & 

500* 500* 500° 
Percent Chance in Load 

6257 +25%, -16% 67%, 


p Fig. 24- Effect of c.g. change on bogie wheel load — four wheels 


per side 








\ r a, 
! y 
aaat 2 
% 0 ) “15.77, 15.7 7, 
"Fig. 25 - Effect of c.g. change on bogie wheel load — six wheels 
per side 
Table 3 - Calculated Ground Pressures of Tracks Tested 
. Track Length on Vehicle Test Ground 
Vehicle Width, in. Ground, in. Weight, ib Pressure, psi 
12 18 (standard) 62'4 3598 1.60 
! 24 6234 3693 1.22 
October, 1945 





-— Front of Vehicie 4000" 
i ; | : ' 
| ia 
. \t/ ' : 
~ . we | * 
} | ' { | ! ' 
be } } 75 } | - 
200° 200" 238" 238" 262 262" 300" 300" 
Loads if CG wason ¢ 
250° 250° 250% 250% 250% 250% 250% 250° 
Percent Change in Load 
“25% -*25% #5, 57-48% ABT, 57 5%, 
a Fig. 26—Effect of c.g. change on bogie wheel load — eight 


wheels per side 


The above vehicles were tested in powdered snow ap 
proximately 20 in. deep. Both vehicles stalled on a 26% 
grade. While the 24% 


pressure did not show any improvement in climbing ability, 


reduction in calculated ground 


the penetration in level snow was less on the 24-in. track 
These results further confirm the opinion that bogie loads, 
weight distribution, plate rocking, bogie spacing, and the 
like, are paramount factors in flotation. During the testing 
of the 24-in. wide track, the same characteristic standing 
wave was observed, either on level snow or in climbing a 
grade. The staircase or standing wave conformed with th 
bogie load distribution on the M-28. 

Laboratory measurements of the ground reaction under 
each bogie wheel were made on a standard vehicle by 
placing jacks on platform scales and raising the bogi« 
wheels until the scale loads at each bogie were equal to the 
calculated bogie load distribution of the standard vehicle. 
Track form was then graphically obtained. The results 
added credence to the theory that the standing wave or 
stairstep condition was due primarily to the inherent 
weight distribution and bogie design of the vehicle. A 
secondary reason for the wave was due to excessive unsu} 
ported length of track between bogies. The test results also 
lend substance to the suspected improvement in track 
profile in snow by the use of an increased number of bogies 
for better distribution of the vehicle load on the projected 
track area in contact with the ground. The test set-up is 


illustrated in Fig. 27. Measurements were made under 


~ 


™ 





m Fig. 27 — M-28 track catenary test set-up 
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a Fig. 28-M-28 
track catenary 
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test results 
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TRACK CATENARY FROM TENSION ONLY 

































. 
‘ 
‘ FORCES TO PRODUCE STRAIGHT TRACK -VS- TRACK TENSION 
=e 3 
various conditions of track Ba Ba E 
tension, vehicle load, driv- 8 al: 3 
ing torque, and rolling re- a tinal ) 
sistance. Bogie wheel loads 
were computed from the 
measured mass distribution WEIGHT 3400 LBS. 
of the vehicle with zero TRACK TENSION 1000 -750-500 LBs 
‘ a ove a i 
track tension. A plateless Rie 
t ¢ ~ Le Ie > a ik a» Le a —_ 
rack was employed. rack 216 ~ | 
tension was applied by 
dead weights and_ forces = 578 
; te +: 21 5 i 
due to torque and rolling GROUND Line — a 
resistance were applied to 
the bands through spring 500 LBS. 7.7. FORM LIES BETWEEN 
scales. The test results are TAF eS 
shown on the nine curves 
of Fig. 28. The curves are WHET 4009 495. 
drawn to the same scale, a ae ee 
and graphically show track Eas 
profiles under the follow- aie: ———— 
ing conditions. a 
Curve No. 1. Production 399 Gol y 
M-28 weasel en Me 
Curve No. 2. Catenary 
due to track tension only. a OE 
Curve No. 3. Forces to ; e 
produce a straight track at 500-, 750-, and rooo-lb track Curve No. g. Vehicle load of 4000 Ib with track (2 q 


tensions under static conditions. 

Curve No. 4. Vehicle load of 3400 lb and track ten- 
sions of 500, 750, and 1000 |b. 

Curve No. 5. Vehicle load of 4000 |b and track ten- 
sions of 500, 750, and 1000 Jb. 

Curve No. 6. Vehicle load of 4600 |b and track ten 
sions of 590, 759, and 1000 |b. 

Curve No. 7. Comparison of the above loads at track 
tension of 1000 lb. 

Curve No. 8. Vehicle load of 4000 lb with track ten- 
sion of 1000 Ib and‘a rolling condition of torque and 
resistance, each being 400, 800, and 1000 lb. There is also 
a table of forces necessary to produce a straight track. 


sion of 1000 lb and a rolling condition of torque @ 
resistance, each being 400 lb. Notice the necessary ! 
ment of the bogie spring support on the spr 

the leverage to produce a straight track. 

The results of this test show that: 

t. The track has a definite catenary due to the aesigt® 
the vehicle and on which changes in vehicle load 
4600 lb have practically no effect. 

2. A variation in track tension does not change the 
catenary, but has a definite function in the forces neces 
to produce a straight track. 

3. Assuming that the vehicle track took its 
on the ground, being from the rear wheel 
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WEIGHT 4600 LBS. 


~~ 
\ ___ | TRACK TENSION 1000 -750 - 500.85 
\ 2 
_ 21°. 
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a Fig. 28 
. 554 5% 596 Ee 9 A ig 
GROUND NE neat ae \ , 
————— 
COMPARISON WITH WEIGHTS OF 3400 L8S. —— 
4000 185.-——-— 
TRACK TENSION (OOO LBS. 4600 LBS. ---- 
GROUND UNE = —" 7 
| 
WEIGHT 4000 LBS. 
TRACK TENSION 1000 L8S$ 
T A+ Be R 
400 240 60 400 ---- 
800 480 320 goo —— 
1900 600 400 1000 
. the maximum bogie load is 
ie a Tale carried at the front. In 
j ‘ other words, the center of 
399 gravity of the vehicle must 
R ' ra ee BATS : 
GROUND LINE we ,S, 604, & be at the center or to the 
ae front of, center of the pro 
FOR A STRAIGHT TRACK jected track area on the 
TSR BACH ground. | 
400 310 205 18S. 7. The dynamic bow 
600 244 28 high aspect of the M-28 in 
i — _ snow is due to the load 
' distribution on the track, 
WEIGHT 4000 LBS. as shown in curves Nos. 4 
TRACK TENSION 1000 1.85. to 8. 
Te & EACH 600 195 Although the weasel was 
STRAIGHT TRACK PRODUCED originally designed for 
saa ncholaycon- > gaat transportation over snow, 
SPRING SUPT. ; ‘ 
its high mobility has 
Er eo widened its scope of ser- 
- “Oeiee vice to such an extent that 
4 \ . ‘ 
snow operations have bk 
399 9 ep! ar 
j omar Mig 5 come a minor part of the 
military usage of the ve 
160 LBS 2740 LBS. : . 


ear idler wheel, as in curve No. 2, then the 
he vehicle would be raised g in. from its level 
ing been upset on a 5-deg angle. 
K catenary changes due to the forces of torque 
A comparison of curves Nos. 3 and 8 shows 
n forces to produce a straight-line track when 
Is IN motion. 
ght-line track under each bogie could be pro 
weight distribution of the vehicle if the front 
gle spring support were each moved to give the 
erage for overcoming the track tension, as 
curve No 


y. 


\ ght track cannot be maintained in a compres- 
unless the loads are equal on all bogies or 
- Ctober 1945 
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hicle ° 


indicate 


This would seem to 
that 

ducing high mobility in 
snow are also applicable to mud or any type of so-called 
“soft going.” 


factors pro 


The author does not wish to imply that any 
of these factors have been investigated thoroughly enough 
during weasel development to permit concrete evaluation of 
their relative importance. There is evidence that they are 
fundamental and probably influence the mobility of any 
track-laying vehicle regardless of size. W<« 
more fundamental knowledge about them 


should have 
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PISTON LACQUERING-(g 


HE tormation of lacquer or varnish on pistons is a very 

broad subject, and there is a divided responsibility for 
this trouble. The responsibility is shared by the oil and 
automotive industries and the driving public; and at the 
present time, piston lacquering is another one of the things 
tor which at least part of the blame can be placed on the 
War. 


m Early Work on Varnish 


The importance of the quality of the lubricating oil in 
respect to varnish formation has long been recognized. 
There are many standardized oil tests which can be made 
in the laboratory, but most of these tests’ * are “identifica- 
tion tests” which give information on such factors as 
methods of refining or the source of the crude, and they 
are of little value in actually predicting the performance of 
the oil under service conditions. 

Probably the most important property of an oil from the 
standpoint of formation of varnish is its resistance to oxida- 
tion at elevated temperatures.* 

One of the first important attempts to develop oil speci- 
fications, including tests to determine the varnish-forming 
tendencies of oils, was made at the time of World War I 
by a committee formed under the auspices of the Govern- 
ment. The report of this committee was given in 1918 by 
C. W. Stratford. Among other things, he said, “In the 
light of the most recent study and exhaustive experimenta- 
tion, the oxidation test appears to be the only dependable 
and satisfactory method by which the stability of oils can 
be predicted when they are used in service.” 

He also reported that, “Poorly refined oils . . . usually 
show high varnish values.” 

This committee developed tests for “varnish” but they 
did not incorporate these “varnish” tests into the specifica- 
tions they proposed because they did not have sufficient 
correlation between their laboratory oxidation tests and 
performance in service. 

[This paper was presented at the SAE War Engineering-Annual 
Meeting, Detroit, Jan. 12, 1945.] 

1 See Proceedings of ASTM, Part II, Vol. 28, 1928, pp. 674-685 + 
(disc.) 686-694 “Significance of Various Tests Applied to Motor 


Oils.” by R. E. Wilson and D. P. Barnard 

2See Proceedings of ASTM, Part I, Vol. 28, 1928, pp. 479-520 
“Significance of Tests of Petroleum Products.” 

® See National Petroleum News, Vol. 31, Nov. 15, 1939, pp. R-471, 
R-474, R-476, R-477: “Oxidation Resistant Motor Oils Producible by 
Present Methods,”’ by M. R. Fenske, C. E. Stevenson, and R. E. Hersh 

*See SAE Journal, Vol. 2, February, 1918, pp. 142-147: ‘“‘Standard- 
ized Specifications for Lubricating Oils,’”’ by C. W. Stratford. 

5 See SAE Transactions, Vol. 53, February, 1945, pp. 79-82: “‘Cold 
Engine Sludge and Its Control.’”’ by B. E. Sibley. 

®See SAE Transactions, Vol. 53, March, 1945, pp. 129-137: “Hot- 
Engine Sludge and Its Control.”” by H. C. Mougey. 

7 See Automobile Engineer, Vol. 30, November, 1940, pp. 374-379 
“Piston Deposits,”” by W. A. Gruse and C. J. Livingstone. 

8 See SAE Journal, Vol. 15, Tuly, 1924. pp. 47-50: “Water in Crank 
case Oils,” by A. L. Clayden. 
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At first there was not much agreement as to the cay 
of varnish and sludge or as to methods of decreasing then, 
but gradually the various factors began to be appreciated 
It was recognized that there were at least two kinds ¢ 
sludge, low-temperature sludge® and _high-temperatuz 
sludge.® It was generally appreciated that most |oy. 
temperature sludges were largely water and oil emulsion 
containing, in addition, carbon and other decomposition 
products from the oil and fuel. It was recognized tha 
high-temperature sludges were largely the result of oxids 
tion of the oil,’ and that there was a great similarity 
composition between high-temperature sludge and 
nish. Table 1 is reproduced from a paper by Gruse ani 
Livingstone.* They say, “A presumption of similarit 
not identity, for the sludge and the varnish from tk 
unstable oil is afforded by the data in Table 1, obtain 
microanalysis. 





Table 1 — Composition of Varnish and Sludge 


Varnish Sludge 
Carbon, % 74.6 73.1 
Hydrogen, % 6.9 6.7 
Oxygen (diff.), % 17.8 16.2 
Ash, % 0.68 4.0 


“The higher ash content of the sludge might be due 
the fact that the sample was obtained by scraping, whus 
that of the varnish was recovered by solution in acetone 


m Low-Temperature Water Sludges 


Most of the early work on sludges was on low-temper 
ture sludges. In the period following World War |,: 
large number of papers were given on crankcase diluwon 
Clayden,® in a paper published in 1924, described a 
extensive series of tests in which he studied the subject 
water in the crankcase, and he concluded that “the dws 
of the water that gets into the oil pan is formed by dire 
condensation on the internal walls of the cylinders,’ ane 
that this water so condensed on the oil film on the cylinatt 
walls does not escape with the exhaust gas but remains‘ 
the cylinder walls and ultimately finds its way into ™ 
crankcase. He showed that the deposition of water 
condensation on the cylinder walls stopped when the jacs 
liquid temperature was 110 F or higher. He also pointe’ 
out, “It is interesting to observe, in connectio! ne 
cessation of water deposition at 110 F, that it is « neces 
sary in refinery practice to dehydrate oil; this can ® 
accomplished by blowing the oil with comp! 
keeping the temperature at 120 F. Blowing at temp 
tures below 100 F will not effect separation.” 
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sag and Cure 


hy 
H. C. Mougey 


Research Laboratories Division 
Genera! Motors Corp. 


1y automobile companies had equipped their 





. - ngine thermostats and crankcase ventilators; and 
al gince t the problem of water in the crankcase has 
y bee rious with cars that could be driven at high 
% enoug! and temperatures, but we have always had 

» special cases, such as door-to-door delivery service, 
al ysicians, and others who operate principally on short 


peed and temperature. 


a High-Temperature Oil Oxidation Sludges 





use of thermostats and crankcase ventila- 
operation of engines at higher jacket and oil 
a temperatures went a long way toward curing the low- 
problem, we still had the problem of high- 

erature sludge and varnish. Even though the oxida- 

1 by | varnish tests proposed by Stratford* in 1918 had 
adopted, the oil industry had continued to work 
In 1933 engineers of the Standard Oil Co. 
Ind.* gave a paper in which they pointed out the relation 
lge and varnish to the composition of the oil, and the 

f refining the oil so as to remove the easily 
ible sludge-forming materials if it was desired to 
n oil which would give clean engines. In their 
showed many illustrations of sludge and of 
ated pistons and connecting rods from engines 
on oils that were not highly refined. 


vip Alt ( O tne 


m. 


oO 


In contrast, 
gave records as to engines which operated on well- 





oils for trouble 


very high mileages without any 
or varnish. 
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HE formation of varnish or lacquer deposits 

on pistons and other engine parts is closely 
related to the formation of sludge deposits. The 
whole problem of sludge and varnish may be di- 
vided into three classes: 


Low temperature. 
2. Intermediate temperature. 
3. High temperature. 


The principal cause of the low-temperature 
sludges is water, and varnish is usually not a 
serious problem at the low temperatures. The 
principal cause of the intermediate-temperature 
sludges appears to be the fuel and in some cases, 
the oil, and varnish may be serious at the inter- 
mediate temperatures. The principal cause of 
the high-temperature sludges is the oil, and in 
this case also the varnish may be serious. 


Under commercial conditions, all three of these 
classifications tend to overlap; and in all three 
classifications maintenance, operating condi- 
tions, and engine design are also important 
factors. 


(M 


actions 


by-line 
Section of the SAI 
Motors Research 


THE AUTHOR: H. C. MOUGEY whose 
has often appeared in the Trans 
Journal, is technical director of 
Laboratories Division — the post he has held since 1939. An 
Ohio State University Mr. Mougey has been em 
ployed by Lowe as research chemist, and Dayt 
Engineering Laboratories. Active on many SAE 
and standards committees, he is now a member of the 
Coordinating -ants Research C 


Gencral 


alumnus, 
Bros. Co. 
rescar 

CR( 


Lubric ymmittee 





Although these improvements in refining marked a 
great step forward, it soon became apparent that in refining 
the oils to remove the undesirable materials which formed 
sludge and varnish in the engine, the naturally 
occurring oxidation inhibitors in the oil were also removed 


toa great extent. 


use in 
As a result, such an oil when subjected 
to elevated temperatures might oxidize very badly, with 
the formation of acids which would corrode alloy bea: 
ings,!®17 and with the formation of oil-soluble 
which would be curdled and precipitated by the addition 
of gasoline or oil,® 18 


resins 


19 
or even by the water’ 
the combustion of the gasoline. 


resulting from 
At the 1939 
meeting of the SAE, comments were made about the sever 
requirements which were being introduced by the opera 
tion of engines at high loads and speeds and temperatures, 
and the statement was made that at that time (1939) ther 


semiannual! 


were “no trade-branded oils on the market able to cop 
with the 14-ton truck carrying 10-ton requirements.”*° 
A similar statement could have been made at that tim« 


with equal truth in regard to passenger cars operating at 
high speeds and high crankcase oil temperatures. 

It is well known that one method of decreasing oxidation 
of the oil is by reducing crankcase oil temperature. At the 
Michigan-Life Conference in 1939, Mr. Fenske pointed out 
that “oxygen attacks an oil at a speed which increases 
about 2.0 to 2.5 fold for every 18 F 
over the range of about 300 to 350 F." 


rise in temperature 


However, it is also 


recognized that one of the best ways of avoiding low 
temperature troubles is by increasing operation tempera 








tures, and that oils which will stand high temperatures 
without oxidation or decomposition are very desirable. 
Consequently, the oil industry has been working very 
vigorously on the development of oils able to withstand 
high temperatures. 


This work has resulted in the development and commer- 
cialization of heavy-duty oils.® 2° 21-81 Although these oils 
were originally developed for high-temperature conditions, 
ic was soon found that they were very effective in decreas- 
ing low-temperature troubles® as well. By 194¢ the oil 
industry was in large production on these oils. However, 
when the Japs bombed Pearl Harbor and the United States 
was plunged into war, the demands of the Army and Navy 
for heavy-duty oils became so great that these heavy-duty 
oils had to be withdrawn from use in passenger cars and 
reserved for the use of the military forces*? and for oper- 
ators of trucks and buses. 

Commercially, the problem of piston varnish reached its 
peak about 1939, just before the general introduction of 
heavy-duty oils. At the 1939 Annual Meeting of the SAE, 
F. F. Kishline®* gave a report on the views and experiences 
of a number of members and companies represented in the 
SAE, and a year later, at the 1940 Annual Meeting, he 
gave a second paper.*# 


*1U. S. Patent 2,001,108. 
14, 1935. 

22 See Proceedings of Twenty-First Annual Meeting of American 
Petroleum Institute (Section III Refining), Vol. 21, 1940, pp. 63-75 + 
(dise.) 75-78: “‘Heavy-Duty Motor Oils,” by H. C. Mougey. 

23 See National Petroleum News, Vol. 29, Feb. 10, 1937, pp. 67-70: 
Organic Amines Hydroxy Compounds Lead among Antioxidants for 
Lubricants,” by J. H. Byers. (Includes list of oxidation inhibitors, 
patent numbers, dates, compositions, and companies.) 

*4 See National Petroleum News, Vol. 32, March 20, 1940, pp. R-88, 
R-89: ‘‘Soap-Thickened Chassis Lubricant is First Additive Applica- 
* Report of paper by J. P. Stewart, R. C. Moran, and C. M. 


Issued to Standard Oil Co. of Calif., May 


Reiff, 

* See SAE Journal, Vol. 45, November, 1939, pp. 485-500: ‘‘Recent 
Developments in Diesel Lubricating Oils,” by G. L. Neely. 

% See Proceedings of Twenty-Second Annual Meeting of American 
Petroleum Institute (Section III Refining), Vol. 22, 1941, pp. 100 
121 + (dise.) 122-123: “Testing of Heavy-Duty Motor Oils,” by H. C. 
Mougey and J. A. Moller. 

* See SAE Transactions, Vol. 
(dise.) 437-438: ‘‘Testing of 
Mougey and J. A. Moller. 

*8 See SAE Transactions, Vol. 51, February, 1943, pp. 52-62: “Cor- 
relation of Laboratory Bench Tests with Full-Scale Engine Tests,” by 
C. W. Georgi. 

"See SAE Transactions, Vol. 49, August, 1941, pp. 309-325: “‘Se- 
vere-Duty Engines (Diesels),” by 7. G. McNab, W. C. Winning, B. G. 
Baldwin, and F. L. Miller. 

8°See SAE Journal, Vol. 40, April, 1937, pp. 165-172: “Engine 
Temperature as Affecting Lubrication and Ring Sticking,” by C. G. A. 
Rosen, 

3 See “Severe-Dut> 
y C. M. Larsor 
Sulphur Springs, W 

82 Petroleum 
20, 1942. 

83 See SAE Journal, Vol. 45, August, 1939, pp. 321-324 + (disc.) 
324, 334: “Symposium on Varnish in Engines.” by F. F. Kishline. 

Se: See SAE rnal, Vol. 46, February, 1940, pp. 16-17: abstract and 
discussion, “Recent Opinions on Varnish in Engines,” by F. F. Kish- 
line. 

8 See SAE Transactions, Vol. 51, November, 1943, pp. 408-414, 419- 
420: “Influence of Diesel Fuel Properties on Engine 
Wear.” by G. H. Cloud and A. J. Blackwood. 

*® See SAE Transactions, Vol. 53, March, 1945, pp 
Requirements of Automotive Diesel Engines,” by F. C. 
Cloud, and W. F. Aug. 

CRC Test Procedures L-1 to L-5, inclusive, L-1, L-2 and L-3 tests 
were originally proposed by Caterpillar Tractor Co. L-4 and L-5 tests 
were originally proposed by General Motors Corp. These tests have 
been further developed and standardized by committees of SAE, ASTM 
and CRC; they are now obtainable from Coordinating Research Council, 
Inc., 30 Rockefeller Plaza, New York City 20. 

33 See Industrial and Engineering Chemistry, Vol. 24, November, 
1932, pp. 1298-1302: “Laboratory Experiments on Gum-Bearing Gas: 
l by S. P. Marley and W. A. Gruse. 

*° See “Engine Deposits - Causes and Effects,” by W. A. Gruse and 
*. J. Livingstone. ASTM Symposium on Lubricants (1937), pp. 1-20 

(dise.) 21-28. 

9 See Bus Transportation, Vol. 23 
the Engine Kind,” by J. Lane 

“See “Motor Oil Performance,” ! 
Northern California Section 
1944 


50, October, 1942, pp. 
Heavy-Duty Motor 


417-437 + 
is te ES CC: 


Engine Conditions as Related to Oil and Fuel,” 
Presented at SAE Semiannual Meeting, White 
. Va., Tune 14, 1940. 

Administration for War Recommendation No. 40, April 


Deposits and 


166-176: ‘Fuel 
Burke, G. H. 


a 
ines, 


, August, 1944, pp. 46-47: “Varnish, 


J. T. Ronan, 
Meeting, San 


Presented at SAE 
Francisco, Calif., Dec. 11, 


In the first paper (1939), Mr. Kishline reported con- 
siderable trouble, chiefly at high oil temperatures, althouch 
one company did report that their “interest in this bl 
dition concerned only the filling of the slots in the cl. 
control rings with this varnish gum,” and that they pro. 
duced “this varnish at comparatively low speeds, | 
loads, and low sump oil temperatures (160 to 190 F).” 

In the second paper (1940), Mr. Kishline reported, “| 
general, the answers to the various questions indicated: 

1. That varnish or lacquer formation in engines js nor, 
or is no longer, a serious problem. Several contributor, 
reported that formation had been eliminated or reduced 
by changing to another grade of oil or fuel, or installing oj 
coolers.” 


m Effect of Character of Fuel 


The importance of the fuel in the formation of sludg 
and varnish has been recognized for a long time.*® 85. 
Provisions are made in the CRC engine test procedures L 
to L-5** to take care of the factor of quality of the fuel, 
Marley and Gruse*® and Gruse and Livingstone’ * haye 
commented at length on the effects of fuel, especially it 
gum content and its volatility, on piston varnish. The 
divide the problem into three classifications:*® 

“1, Cold-weather emulsions of water and oil, the stab 
ilizing agents being largely combustion-chamber products 

“2. Intermediate-temperature sludges, apparently chara 
teristic of varied automotive service. Water influences the 
course of the oxidation which forms the deposit, but mak 
up no great part of the sludge itself. 

“3. High-temperature carbonaceous muds, characteris! 
ot very heavy duty.” 

In a recent paper, Jack Lane of the Socony-Vacuum | 
Co., Inc., discusses the various factors, including operating 
conditions, water, gasoline, and oil; and although the g 
eral public is inclined to blame the oil and high oil t 
peratures for most of their trouble, Lane points out that 
these are not the only causes. He says,*” “Contrary to ge 
eral supposition, the bulk temperature of the oil does not 
need to be excessively high to have varnish form. Certai 
very different makes of engines, in which the oil temper 
tures run from 175 F to 190 F, have considerably greater 
tendency to form varnish than other engines which run | 
the same range or even higher (215 F).” 

Lane makes a number of suggestions to remedy thes 
troubles. He includes ventilation, good gasoline, certalf 
operating and maintenance practices, and detergent type 
of oils, but he does not claim that the detergent type ot oils 
will cure the troubles for which the gasoline or other tac 
tors are responsible. 


ight 


™ Moderate-Temperature Tests 


Although the various factors involved in low 
moderate-temperature sludge and varnish troubles 
known in a qualitative sort of way, and there are stan 
ardized diesel-engine tests (L-1, L-3, and L-5)*' whic 
cover the crankcase oil temperature range of from 14 
230 F, inclusive, there are no generally recognized tests 
measure the tendency of an oil or of a fuel to form siucg 
or piston varnish in gasoline engines at low 01 mod 
oil temperatures. 

At an SAE meeting held in December, 1944; J. 
Ronan of the Shell Oil Co., Inc., gave a paper*? in which! 
showed the results of tests on straight mineral oi! ane 
with heavy-duty type compounding in a combined hig 
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a Fig. | —-Condition of pistons after being subjected to test Nos. | to 3 


Test No. I 
Test Procedure Schedule B 
Jacket Temperature, F 94 
Oil Temperature, F 154 
Gasoline Used A 
Oil Used Straight mineral oil X, SAE 


20 (this is base oil used in 
making heavy-duty oil Y) 
Length of Test Pistons stuck up in 25 hr 


temperature and low-temperature schedule. The straight 
mineral oil gave bad varnish and sludge and oil-control 


plugging, but the compounded oils gave excellent 





results. However, although this test may be of very real 
commercial importance, it is a combination of both high 
ind low temperatures, and the poor performance of the 
straight mineral oil may have been due to oxidation at the 
high temperatures employed. 

In 1943, Harry Moir of the Pure Oil Co. reported on a 
st using low temperatures. The suggested procedure 
was intended to throw light on the results that might be 
pected from “A” card drivers under very severe condi- 
ns. The jacket temperatures ranged from 50 to 75 F, 
nd the oil from 40 to 156 F. A well-refined, high V.I. 
traght mineral oil was used. Although large amounts of 
vater-sludge were obtained, there was not much trouble 
om varnish or oil-control ring plugging. This suggests 
nat the test schedule was too low in temperature to 
e typical of service, except perhaps under very severe 





tions. 





attempt to develop an intermediate-temperature 
schedule which would be affected by- a moderate 

t of water condensation in the cylinders, but which 
1 not produce any water in the crankcase, the Texas 
leveloped the test procedure given in Table 2. For 
nvenience this is called Schedule B. 


Th 


Ail 


» | 


analyses of some gasolines used in tests on Schedule 
shown in Table 3. 

this schedule, with the jacket at 94 F and the oil at 
ig gasoline A shown in Table 3 and a straight 
| X, the base oil used in making a certain com- 
eavy-duty oil, bad varnish was obtained (Test 
1, Fig. 1). The pistons stuck up in 25 hr, making it 


‘onal Petroleum News, Vol. 35, June 9, 1943, pp. 32-33 
‘eed for 60-Day Oil Change,” Story of tests by H. Moir. 


October, 1945 


2 
Schedule B 
94 
154 


A 
Heavy-duty oil Y, SAE 20, 
made by addition of com- 
pound to oil X 
Pistons stuck up in 25 hr 


necessary to stop the test. Whe 
the heavy-duty oil itself were 





3 

CRC Test Procedure L-4 
200 
265 


Heavy-duty oil Z (same base 
oil as heavy-duty oil Y (but 
with SAE 10 viscosity) 

O.K. at 36 hr 


n the same gasoline A and 
used, the results were no 





better, except there was less tendency to plug the oil-control 


rings (Test No. 2, Fig. 1). 


However, using this same 


gasoline A and heavy-duty oil Z, an excellent 36-hr test was 


Table 2 — Schedule B 


Oil: Either high V. 1., highly refined, straight mineral! 
or heavy-duty oil, as desired 

Fuel: 2 ce ethyl, 75 octane minimum 

Oil: 154 plus or minus 5 

Jacket out: 94 plus or minus 5 

Jacket in: 84 plus or minus 5 

Ventilation: 1 cfm 

Load: 45 bhp 

Speed: 2500 rpm (47.5 mph) 

Air-fuel ratio: 14.5 to 1 plus or minus 0.5 

Oil samples: 4 oz at 2, 4, 6, 8, 10, 20, and 30 hr; 1 qt at 40 hr 

Oil additions: Make up to 41% at at 20 and 30 hr 

Operating schedule: 9 hr per day, shut down over night, or 24 hr per 
day, as desired 

Valve clearance, hot: Intake 0.008 in., and exhaust 0.013 in. 

Bearings: Copper lead 

Crankcase cooling: Water on sides and pan 


Intake manifold heat control: Heat “off” 


Table 3 — Analyse 


Gasoline A 
10%, F 145 
50%, F 257 
90%, F 365 

Ye 419 

ASTM Gum, mg 6 

Tel, ce per gal 3. 

Aromatics, % 15 

Olefins, % 25 

Sulfur, % 0 

Copper Dish Gum, mg 25 


obtained on the L-4 schedule with the jacket at 200 F and 


the oil at 265 F (Test No. 3, I 
L-4 test was obtained using 
heavy-duty oil Z. 

Using gasoline B (Table 3) 
eral oil X on the low-temperat 
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s of Gasolines 


B Cc 
146 163 
198 222 
289 267 
358 350 
8 2.0 
0 2.9 3.0 
8.6 
29.4 
07 0.07 
23 1.0 


ig. 1); and a slightly better 
gasoline B (Table 3). and 


and the same straight min 


ure schedule. practically n 











ma Fig. 2—Condition of pistons. afte 


Test No. 4 
Test Procedure Schedule B 
Jacket Temperature, F 94 
Oil Temperature, F 154 
Gasoline Used B 
Oil Used Straight mineral oil X 
Length of Test, hr 40 
Test Run at General Motors 





being subjected to test Nos. 4 to 6 


5 6 
Schedule B Schedule 8 
94 94 
154 154 
A c 
Straight mineral oil X Straight mineral o 
40 40 
Texas Co. Texas Co. 








a Fig. 3 -Oil-control rings after 40-hr tests — left: from test No. 5, badly plugged; right: from test No. 6, very clean 


varnish or sludge was obtained (Test No. 4, Fig. 2). 

Although the tests just described were made in one 
laboratory and used certain specific gasolines and oils, 
similar results have been obtained in several other labora 
tories using the same and other gasolines and oils.** Two 
of these tests are shown in Figs. 2 and 3. Gasoline C was 
prepared by adding 3 cc tetraethyl lead to a gasoline made 
by the alkalation process. It will be noted that the results 
in this test by the Texas Co. are practically perfect. In 
another test the fuel was a duplicate of gasoline B in dis 
tillation range and ASTM gum content. It was made by 
redistilling gasoline A. However, the results obtained with 
this fuel on the low-temperature schedule were practically 
a duplicate of those previously obtained with gasoline A 
(similar to Tests 1, 2, and 5). 

In other words, using Schedule B at intermediate tem 
peratures, the properties of the oil were of minor impor- 
tance, but the properties of the gasoline were very im 


*’ Private communications to author by J. J. Mikita, Texas C 


H. H. Donaldson, Gulf Research & Development Co.; H. Moir, Purs 
Oil Co.; and F. W. Kavanagh, California Research Corp 

In view of the results obtained in these different laboratories using 
various gasolines, care should be used in drawing conclusions as to th 
€ cts of the differences it composition f gasolines A. B ind C 


lescribed in this paper 
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portant. At intermediate oil temperature, th 
either bad or good, depending on the gasolin 
high temperature, provided heavy-duty oil wa 
results were obtained even with gasolines that 
results on Schedule B. From these tests and 
viously reported in other papers,®: ® #1 it 
although heavy-duty oils are desirable for bot! 
low operating temperatures, there still may b 
where piston varnish develops due to the cha 


gasoline, and in such cases the oil may 
blamed for the trouble due to the gasoline. 
In the tests just reported, a gasoline causé 
varnish at moderate temperatures, and the 
and a good heavy-duty oil gave good results 
temperatures. However, there are consideral 
indicate that when the heavy-duty oil does not 
enough factor of safety, the results at high oil 
may also be greatly affected by the gasoline. If 
oil which is near the borderline in respect t 
ments of U. S. Army Specification 2-104B is 
kind of gasoline used in making the L-4 eng 
determine whether or not the oil meets the 
of the specification. This whole subject is bein 
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eet Considerable progress has already 
‘t is hoped that within a short time this 
ve the solutions to the various problems 
both at moderate and high oil tem- 





the work which has already been done on 
blem of sludge and varnish indicates that it 

nto three classes: 

rature. 


mmittee of B. E. Sibley’s CLR Oxidation Tests 

is: L. Raymond, Tide Water Associated Oil Co., 
WV. B. Bassett, Ordnance Department, project officer; K. 

E. R. Barnard, Standard Oil Co. of Ind., (repre- 
W. Starrett); A. G. Marshall, Sheil Oil Co., Inc.; ‘e * 


kita Togas r. P. Sands, Gulf Research & Development Co.; 


P. Stewart, S i1y-Vacuum Oil Co., Inc.; J. R. Sabina, E. 


s & Co., Inc.; N. C. Penfold, Armour Research 
O Willey, Lubri-Zol Corp. 


2. Intermediate temperature. 

3. High temperature. . 

The principal cause of the low-temperature sludges is 
water, and varnish is usually not a serious problem at the 
low temperatures. The principal cause of the intermediate 
temperature sludges appears to be the fuel and in some 
cases the oil, and varnish may be serious at the interme 
diate temperatures. The principal cause of the high- 
temperature sludges is the oil, and in this case also the 

varnish may be serious. Under commercial conditions, all 
three of these classifications tend to overlap; and in all 
three classifications maintenance, operating conditions, and 
engine design are also important factors. Although we do 
not have generally recognized tests to evaluate all these 
factors, active work on these problems is being conducted 
by the oil and automotive industries, and it is hoped that 
we will have the answers to the remaining problems in the 
near future. 


International Airworthiness Standards 


continued from p. 568 


all transports in the present state of the 


eems to me clear that our present requirement is 
than is really desirable; and if increase in the mini- 
limb under those conditions seems impracticable in 


mediate future it certainly ought to be held as an 





in 
Uctober 


to be realized as soon as possible. 
w draft perpetuates the maximum stalling speed 
for all aircraft except those in the transport 
1 provision which I believe should be recon- 
is probably being more restrictive than necessary 
te aircraft in view of increased reliability and the 
lability and improved quality of landing 
ere is, on the other hand, no mention of stalling- 


its for the transport category. Their omission is 
by some difference of opinion regarding their 


the future; by uncertainty regarding the 
ch safe approach speeds may be increased in 


stwar period by the rapid improvement of naviga- 


1d devices after military restrictions are re- 


the anticipated disinclination of certain 
uirworthiness authorities to accept a flat stalling- 
tation, which has not generally existed in the 
urworthiness regulations except those of the 
ites. The omission of stalling speeds from an 
| code would not, of course, prevent their con 
lusion in our own regulations if they continue to 
essary to the maintenance of desired standards 
operations. No international standard, either 
ness, qualifications of personnel, or any other 
' prevent the setting of a national standard 
if national authorities find that desirable. 
requirements set up for the transport cate- 
w draft are substantially the same as those in 
\ir Regulations. The take-off require- 
irrier aircraft, on the other hand, is changed 
m distance of rooo ft to get off the ground 
distance of 2000 ft to attain a height of 
standing start, and with a requirement that 
ring the climb be at least 30% greater than 
stalling speed. The new criterion is certainly 
one than the old, for the minimum distance 
urplane could be made to stagger into the air 
rect value as an index of operating safety. 


fat 
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The measurement of the distance to reach a moderate 
height in a normal take-off and climb is far more useful; 
but there is a serious question as to the desirability of 
establishing any such minimum. For some uses to which 
aircraft may be put, a take-off distance of 2000 ft would be 
far too long. For others, a longer distance might do no 
harm. Again, the reasonable solution seems to me to be 
the establishment of the determination of the actual take- 
off performance of the particular airplane, with the respon 
sibility for selecting an appropriate airplane for a particular 
job thereafter left to the owner or pilot. If any maximum 
allowable value is to be maintained, however, the basis 
adopted in the new draft seems much more appropriate 
than that now in force; and the distance given may also be 
the best that can be chosen, although my own inclination 
would be to allow an extreme take-off distance (to reach 

height of 50 ft) of 2400 ft rather than 2000. It may, 
however, be noted that the proposal in the draft is already 
substantially less stringent than that established in 1936 
under Annex B to the Paris Convention, which required 
attaining a height of 20 meters in a total horizontal dis 
tance of 600 meters against a wind of 6 mph, roughly 
equivalent to attaining a 50-ft height in 1500 ft in still air. 

The treatment of stability, controllability, and stalling 
qualities in the Chicago draft amplifies the present Ameri 
can regulations by introducing many more quantitative 
flying-quality requirements than have heretofore appeared 
in the general regulations. In general, the type of regula 
tion which now applies only to the transport category tn 
the Civil Air Regulations has been extended in the Chicago 
draft to the normal category as well. The greatest question 
that will arise out of that extension will concern the com 
plication of the required quantitative determinations, and 
the possibility that they may unduly extend the time r 
quired for securing type certification. That ought to be 
very earnestly discussed in the next few months. There is 
also a question regarding the desirability of attempting to 
make so detailed a treatment of flying qualities the subject 
of international agreement. A great deal of it may be the 
proper subject of national regulation, but may still not b« 
matter for which worldwide uniformity would present 
enough advantage to justify its being sought at present. 








ELECTRON Microscopic Investigations! 


A DISCUSSION of some of the applications 
of the electron microscope to the study of 
surfaces is presented here. 


The author discusses in detail one technique 
applicable to the study of the surfaces of rigid 


solids. He includes examples along the two main 
lines of study, namely: 


I. The structure of the bulk material as re- 
vealed by suitable etching techniques (metallog- 
raphy). 


2. The structure of the surface regions as they 
affect such factors as friction and wear, corro- 
sion, adhesion of paints, and surface films. 


T is the purpose of this paper to present a discussion of 

some of the applications of the electron microscope to 
the study of surfaces. The subjects chosen as illustrations 
are not to be considered the result of a systematic investi- 
gation into the structures in question. They are to be 
taken, rather, as being indicative of what might be ob- 
tained in a thorough investigation into the properties of a 
great many materials. The applications of techniques and 
the indication of possible fruitful fields of research involv- 
ing the electron microscope and other tools, such as X-ray 
and electron diffraction, are of chief concern here. 


The science of electron microscopy has advanced rapidly 
in this country during the last few years, finding applica- 
tion in such quite diverse fields as bacteriology, biology, 
colloids, plastics, and metals. Each particular branch has 


required the development of suitable techniques of speci- 





(This paper was presented at a meeting of the Detroit Section of 
the SAE, Detroit, June 4, 1945.] 


+See “Colloid Chemistry,” by J. Alexander, Reinhold Publishing 
Corp., New York, 1945. Vol. 5, p. 152. 

2 One Angstrom unit 10 ya lo em 

3 See Journal of the Optical Society of America, Vol. 35, February, 
1945, pp. 139-148: “‘Techniques in Applied Electron Microscopy,” by 
R. D. Heidenreich. 


- * See Zeitschrift fiir Physik, Vol. 116, 1940, pp. 366-369: “Uber Fort- 
schritt bei der Abbildung elektronenbestrahlter Oberflachen,”’ by 
Ruska and H. O. Miller. 

5See ASTM Bulletin, No. 117, August, 1942, “Scanning Electron 
Microscope,” by V. K. Zworykin, J. Hillier, and R. L. Snyder. 

®See Mechanical Engineering, Vol. 67, February, 1945, pp. 119-122: 
“Replica Method for Evaluating Finish of Metal Surface,” by H. K 
Herschman. 

7 See Journal of Applied Physics, Vol. 12, September, 1941, pp. 692 
695: “Surface Studies with Electron Microscope,” by V. K. Zworykin 
and E. G. Ramberg. 

8 See Journal of Applied Physics, Vol. 13, July, 1942, pp 


27-433 
“Surface Replicas for Use in Electron Microscope,” 


4 
by V. J. Schaefer 


and D. Harker. 
®*See Naturwissenschaften, Vol. 30, 1942, pp. 207-217: “Ultra- 
microscopic Surface (Structure) Determination by Means of Film- 


Printing Method,’”’ by H. Mahl. 

10 See Journal of Applied Physics, Vol. 14, January 
“Fine Structure of Metallic Surfaces with Electron 
R. D. Heidenreich and V. G. Peck. 

11 See Journal of Applied Physics, Vol. 14, July, 1943 
“Interpretation of Electron Micrographs of 
by R. D. Heidenreich. 
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men preparation, often peculiar to the 
studied. One technique applicable to the study of the sur. 
faces of rigid solids will be discussed in detail. The surfaces 
of solid materials are of both fundamental interest and o; 
great technical importance in physical and chemical be 
havior. Such studies are usually undertaken for the pur 
pose of gaining information along two main lines: __ 

1. The structure of the bulk material as re 
able etching techniques (metallography). 

2. The structure of the surface regions as they 
friction and’ wear, corrosion, adhesion of 
films, and so on. 

Investigations along both lines are likely to be of interest 
and importance to the automotive industry because of th 
great variety of materials and operations involved in the 
manufacture of cars and the conditions under which the 
materials are used. Examples of both uses of the electro: 
microscope will be included. 

It is to be recognized that the electron microscope is 
capable of giving only one kind of information, namely, 
size and shape. Hence, its usefulness will depend upon 
the importance that size and shape may play in a particular 
problem. If used in conjunction with other methods 
particularly electron diffraction, a wealth of information 
can be obtained regarding the physical characteristics of 
surfaces. 


aled DV sult 


- 
artect 


paints, surtace 


= Principles 


The principles of the electron microscope have been 
presented in many journals with technical descriptions ot 
design and construction! and need not be considered here 
There are certain characteristics, however, that are worth 
mentioning since they set the limitations on the use of the 
instrument. These are resolving power and penetration 

The resolution of the electron microscope is a conse 
quence of the very short wave length of the radiation 
(electrons) employed. The wave length associated with ¢ 
stream of 60-kv electrons is only 5 x 10~!9 em or 0.05 
Angstrom units* as compared with 4000-7000 Angstrom 
units for visible light. The limiting resolution for te 


i i nits. although 
present instruments is about 30 Angstrom units, althoup 
there is not complete agreement as to its actual value ¢ 
method of determination. The resolution is cepenc 


upon the details of electron scattering by the specimen at 
so will vary from one type of material to another. For 
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nat Surface Structure 


o be described later, the resolution of the 
ned technique is estimated to be about 75 Angstrom 





limitation in the application of the instru- 
ent is the low penetrating power of the electron beam. 
Electrons are efficiently scattered by matter with the result 
shat only small thicknesses can be used in transmission 
range of specimen thickness that can be 
Jepends upon the energy of the electron beam and 

ver of the atoms of which the specimen is 
-omprised. For 60-kv electrons, organic materials up to 
serhaps 700 Angstrom units can be effectively used, while 
etal the value might be 100-200 Angstrom units. 








ect comparison of electron micrograph of silica 

photomicrograph of same region on electrolytically 

ess steel 18-8-—a: photomicrograph at 3400X; b: 
electron micrograph at 3400X 


ST ihe ele ombardment generally gives rise to con- 

erabie | in the specimen and in some cases may 
or physical changes. Inasmuch as the speci- 
nigh vacuum during observation, materials 
essures in excess of ro~* to 10—° mm of Hg 
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m Surface Replicas 


The limitation imposed by the low penetrating ability of 
the electron beam makes it necessary to resort to indirect 
methods for examining the structure of bulk materials. 
The imaging of surfaces by direct methods such as the 
reflection of an electron beam from the surface* or by 
means of the secondary electron emission® has not been 
sufficiently developed to be of general use. Consequently, 
the use of surface replicas is prevalent in electron micro 
scope studies of surfaces. It is the function of these replicas 
to reproduce the contours of the original surface into a 
thin film which is then examined in the microscope as a 
transmission specimen. Thicker plastic replicas 
are now being used in light microscopy a: 
well.® 

There are several techniques for producing 
surface replicas.7* 8% 1° One of these, the 
polystyrene-silica method,’” will be of interest 
here. The details of producing this type of 
3,10 The final 
replica is a thin film of silica having the con 
tours of the original surface, probably as shown 
in Fig. 1. The silica replica is examined by 
transmission in the electron microscope. The 
image consists “of variations in intensity pro 
duced by the variations in the effective thick 
ness of the replica. As stated previously, thes« 
replicas will reproduce the structures in the 
original surface down to a size af about 75 
Angstrom units. 


replica can be found elsewhere. 


The necessity of resorting to a replica in 
order to apply the electron microscope to sur 
face studies is a disadvantage both from the 
standpoint of the labor involved and the neces 
sity of investigating the faithfulness of repro 
luction, as well as problems in interpretation. 
The logical starting point for an evaluation of 
the replicas is a direct comparison of an elec 
tron microscope and light microscope image of 


the same spot on a chosen surface.” 


Fig. 2 
shows such a comparison” made on an electro 
, lytically polished and etched specimen of stain 
less steel 18-8. The close resemblance is imme 
diately evident, the chief difference being on 
of sharpness of detail evident in the electron micrograph as 
compared to the hazy indications of the structure in the 

photomicrograph. 


The faithfulness of reproduction as regards structures on 
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a much finer scale has been investigated* but for the sake 
of brevity is omitted here. 


= Electron Metallography 


One important use of the surface replicas is the investi 
gation of the fine details of structure of metals and alloys. 
The fine, granular phase seen in Fig. 2 is an example of 
the detail that may be made known through such studies. 
There are many cases wherein structures not resolved in 
light microscopy are encountered and which may be found 
to correlate with other data such as strength and corrosion. 

Aa important, though not widely appreciated, problem 
in electron metallography is the preparation of metallic 
surfaces for examination. Many metals tend to form sur- 
face films of oxide or hydroxide upon contact with air or 
water which may result in misleading structures observed 
in the final images. Cleanliness of the etched surface is a 
major consideration in any investigation and it may be 
found necessary to depart from standard metallographic 
practice in some cases. Etchants which stain or leave be 

12 See “Structure of Metals, Crystallographic Methods, Principles and 
Data,” by C. S. Barrett. McGraw-Hill, New York, 1943. 

13 See Journal of Applied Physics, Vol. 15, October, 1944, pp. oot 


I 
696: “‘Electron Microscope in Metallurgical Research,” by C. 


Barrett. 

14 See Journal of Applied Physics, Vol. 15, May, 1944, pp. 423-435 
“Electron Microscope Determination of Surface Elevations and Orienta 
tions,” by R. D. Heidenreich and L. A. Matheson. 

15 Where f coefficient of friction, Z viscosity of film, N 
speed, and p load. 

16 See Reviews of Modern Physics, Vol. 16, January, 1944, pp. 53-68 


“Surface Roughness and Sliding Friction,” by J. J. Bikerman 


a Fig. 3-a: photo- 
micrograph of pearl- 
ite-ferrite taken at 
800X, picral etch; b: 
electron micrograph 
taken from pearlite 
nodule of same spec- 
imen as a but taken 
at 7440X 





hind reaction products are undesirable. In | 
such films are often invisible or, when \ 
aid in the recognition of certain phases. It is wel] ; 
metallographic preparations for surface films by x 


electron diffraction when this is possible. the me ‘ 
are clean metal, then it will be found that often Re n 
seen in the electron micrographs can be identified by , 
tron diffraction. The composition and distribution of .. 
cipitated phases is of importance in the physical and ches 
cal properties of the metal. 7 


Further examples of metallographic 
illustrated in Figs. 3 and 4. 

Fig. 3 shows a photomicrograph and electro; 
graph of a pearlite-ferrite structure in a mild carbo, 
Fig. 4 is a similar comparison on the structure of ma 
site in a freshly quenched, mild carbon steel. This 
men was electrolytically polished and then etc 
SnCly-HCl followed by a rinse in acetone-methan 





then benzene to give a stain-free surface. The pla 
ture of martensite is evident in Fig. 4 and seems } 
agreement with the modern conception of its for 

Some work on the tempering of martensite has te 
ported!* but a detailed study of the decomposition appx 
ently has not been made. 

Nonferrous microstructures are seen in Fig. s. | 
illustrates lamellar precipitation in a magnesium-aluminug 
alloy and Fig. 56 shows a Widmanstatten type of precip 
tation in a magnesium-aluminum-zinc alloy 

It often happens that interpretation of ordinary 































m Fig. 4-a: photo 
micrograph of maor- 
tensite in brine 
quenched mild stee 
electrolytic polish 
taken at 800X 
SnCl,-HC! etch; b 
electron micrograp" 
of same specimen 
as a but taken at 
7000X 
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ns 
a Fig 5 ectron 
4 microgre . lam- 
na ellor precipitation in 
magnesit alumi- 
num allo aken at 
Be g100X; b: Widman- 
t statten precipitation 
« magnesium - alu- 
‘ minum « zinc alloy, 
taken 6100X 
r08 s of structures is difficult or impossible without 
ther information. It has been found that in such cases 
0 tilllimtereoscopy!* is of great aid in determining the relative 
levations and arrangements of the structure. 
[here is another factor in the preparation of metal- 


raphic specimens which is worthy of mention although 

more fully discussed in the following section. 
neral practice requires grinding and abrasion of the 
etal surface which has been found to result in distortion 
mentation of the surface layers. This working of 
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the surface may lead to phase changes in the regions adja- 
cent to the surface in some alloy systems. If insufficient 
metal is removed by etching, the damage may still be 
evident in the micrographs and can easily be misinter- 
preted. It seems advisable to resort to electrolytic polishing 
and deep etching when possible, even though such surfaces 
are not very satisfactory for light microscopy. The depth 
of focus of the electron microscope is of the order of 10 
times that of the light microscope, so that structures with 
elevation changes as great as several microns will yield 


m Fig. 6 — a: mild 
steel finished on 4/0 
metallographic 
paper, taken at 
5200X; b: same as a 
with levigated alu- 
mina polish, taken at 
5200X: c: alumina 
particles used to fin- 
ish surfate of Jb, 
taken at 5200X 


micrographs that are uniformly in focus. This great depth 
of focus makes possible effective stereoscopic work 


= Grinding and Polishing 


There is increasing interest in the surface finish of 
metals, since for many applications the surface presented 
by the metal may greatly affect its use. The effect of 
roughness on bearings is one illustration. In lubrication, 
the transition region from thick film to incomplete or 
boundary lubrication, as evidenced in f versus ZN P 
curves,!® is shifted toward lighter loads as the surfac« 
roughness increases.'® Surface finish is also of some impor 
tance in the fatigue properties of metal parts. Thus, the 
phenomena of grinding and polishing are of considerable 
interest. 


The appearance of a mild carbon steel after abrading 
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m Fig. 7—Damage incurred during grinding and polishing of rock salt-—a: rock salt cleavage, taken at 
3600X; b: rock salt cleavage abraded on 4/0 paper, taken at 3600X; c: surface b after rubbing on clean, 
dry felt, taken at 3600X; d: surface c after light etch in ethanol, taken at 3600X 


through 4/o metallographic paper is illustrated in Fig. 6a. 
The appearance of the same specimen after polishing on a 
wet wheel using levigated alumina is seen in Fig. 60. 
Fig. 6¢ shows the alumina particles employed in pro- 
ducing the suriace of Fig. 64. The sharp corners on these 
particles are to be noted since they apparently were respon- 
sible for the scratches on the final surface. 


Fig. 6 illustrates only the superficial damage incurred 
during grinding. That the damage extends some distance 
below the surface has been shown by Vacher"™ and others. 
The fragmentation of surface layers by grinding can be 
demonstrated by means of a brittle material such as sodium 


7 See U. S. Bureau of Standards—Journal of Research, Vol. 29, 

August, 1942, pp. 177-181, ‘‘X-Ray Measurement of Thickness of 
Cold-Worked Surface Layer Resulting from Metallographic Polishing,” 
by H. C. Vacher. 
__ See “Theory and Practice of Electron Diffraction,” by G. P 
Thomson and W. Cochrane. MacMillan, New York, 1939. Chapter 13 
See also “Physics and Chemistry of Surfaces,” by N. K. Adam 
Oxford, London, 1942. P. 170. 

See Proceedings of the Royal Society of London, Vol. 160, Series 
A, June, 1937, pp. 575-587: “Physical Properties of Surfaces. IV 
Polishing, Surface Flow, and Formation of Beilby Layer,” by F. P 
Bowden and T. P. Hughes. 

See Nature, Vol. 149, May 9, 1942, pp. 511-513 
Strength of Materials,” by L. Bragg. 

*1 See Physical Review, Vol. 67, 1945, p. 200: abstract of “Metallurgi- 


“Theory of 


al Transformations in Metal Surfaces under Conditions of Boundary 


Lubrication,” by B. W. Sakmann 












chloride. Fig. 7 illustrates this with a series of mi 
graphs. 

Fig. 7a is a replica of a freshly cleaved rock salt rs 
Fig. 76 is the same surface after abrading lightly on 
metallographic paper. This surface appears to be met 
scratched when viewed at ordinary magnification in aig 
microscope. Actually, the surface is no longer a siif 
crystal but has been fragmented by grinding. The tm 
strength of a crystal so treated is considerably reduced ¢ 
to surface cracks and notches. . 

Fig. 7¢ shows the surface of Fig. 74 after rubbing ug 
on a clean, dry felt. It appears here that true polishing 
taken place wherein the surface layers have been flowed 
produce a polish or Beilby layer.4® This layer is quite ™ 
being of the ordet of 100 Angstrom units or less, and d 
be remot«d by etching lightly to reveal the fragmetl 
crystal beneath, as seen in Fig. 7d. The depth to wi 
this damage penetrates varies with the material and gm 
ing conditions but evidence that it may persist to 4 “? 
of 50 microns or more has been reported." . 

The polish layer of Fig. 7¢ is of interest since the 
ent view is that the process of wearing in bearing 
cylinder walls is just such a phenomenon vhered} ; 
metal surfaces achieve the polish layer by mutual co 
and sliding. The transition from thick film to thin® 
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emical properties of the polish layer are 
iflerent from those of the bulk metal.'® 
4 final le of the changes occurring in the surface 
nding and polishing is afforded by the 
, own in Fig. 8. 
rio 8 e surface of a mild carbon steel abraded 
tallographic paper. If this surface is lightly 
2‘ nital), the structure immediately be- 
e becomes visible, as seen in Fig. 86. The 
uct ». 86 is of considerable interest since it bears 
me similarity to that of martensite illustrated in Fig. 4. 
been shown!” that during grinding ard polishing 
ch local surface temperatures are realized for short pe- 
bds of 1 Consequently, it might be speculated that 
riace temperatures give rise to austenite which 
: eflect, rapidly quenched by loss of heat to the bulk 
etal. The resulting decomposition product would then 
martensite. Admittedly, it will require considerable 
ork to determine positively whether the structure is mar 
nsite or simply a fragmentation structure.*° 
Sakmann*! has recently described experiments which 
hat steel surfaces run-in under lubricating condi 


tions show metallurgical transformations. His results in 
dicate that a considerably harder phase is produced at 
the surface, which he concludes to be carbon rich. It is 
possible that this observation is additional evidence for 
the formation of martensite and suggests that more work 
along these lines is called for. 

If the surface of Fig. 8a is etched 30 sec, the structure 
takes on the appearance of Fig. 8c. This region is ap- 
parently different from Fig. 84, although again it is not 
possible definitely to say much about the structure except 
that it is not the microstructure of the bulk metal. Fig. 
8d shows the same surface after an electrolytic polish and 
etch and is simply pearlite and characteristic of the bulk 
metal. 

This series does indicate that the pearlite structure of 
the surface layers has been destroyed by grinding, but just 
exactly what has occurred will require further investiga 
tion. Similar work on other alloys such as bearing metals 
would seem worth while. 


. Adhesion 


Interest in the adhesion of plastics to metals has in 
creased in the last few years with the advent of bonding 
materials such as cycle-weld cements. Some investigations 








2 4 
ae 


: paths 5 ee : 
to nag, maw ra us? 
aia en 


» Fig. 8- Metallurgical changes resulting from abrasion of mild steel surface —a: surface finished on 4/0 

metallographic paper, taken at 5100X; b: surface a etched 3 sec in 2% nital, taken at 5100X: c: surface a 

etched 30 sec in 2% nital, taken at 5100X; d: structure of bulk metal as obtained by electrolytic polish 
and etch, taken at 5100X 
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into the nature of the adhesion between various materials 
and cycle weld were undertaken in cooperation with the 
Dodge Division of Chrysler Corp.** 

The problem of adhesion is quite complicated and in- 
volves many factors which are difficult to evaluate. One 
of these factors is the form of the interface between metal 
and plastic in the case of cycle-weld bonding of metals. 
The neoprene-base plastic is applied to the surfaces from a 
solvent mixture and allowed to dry. The coated surfaces 
ire then pressed together and the temperature elevated to 
accelerate cross-linking in the rubber. The cross-linking 
reaction liberates HCl gas and, although materials are 
added to absorb the gas, it is quite probable that there 
will be some reaction with the metal if it is at all subject to 
attack by HCL. 

"he solvents employed are themselves not inert to the 
metal surfaces although this is more often than not very 
difhcult to ascertain by ordinary methods. The fine scale 
attack of Dowmetal surfaces by the solvents alone with no 
rubber present is illustrated in Fig. ga and Fig. 9d. 

Fig. ga is a polished and etched FS-1 alloy surface, 
while Fig. 94 is this same surface after 30-min immersion 
in the solvents at 80-90 C. It can be seen that the surface 
area of the metal has been substantially increased by the 
very fine attack. Fig. 9¢ ts a micrograph of a surface 
similar to Fig. 9@ which has been cycle-weld bonded and 


The authos is grateful to D. L. Swayze of that organization for 


his cooperation and permission to use the illustrations appearing in 


this paper 
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a Fig. 9 -Fine-scale 
chemical attack of 
Dowmetal FS.| alloy 
by cycle-weld ¢. 
ment and solven}_ 
a: polished ong 
etched FS-1 allo, 
taken at 4700X: 5 
surface a after 3p. 
min immersion in sol. 
vent at 80-%°C¢ 
taken at 4700X: , 
surface a afte, 
cycle-weld bonding 
and adhesive failure. 

taken at 4700X 


5 
were 


then sheared with an adhesive failure. The clos » 
semblance in appearance between Fig. 94 and Fig 
indicates that the fine chemical attack observed with ty 
solvents alone has also occurred during the actual bondi 
operation. For purposes of comparison, Fig. 10 illustra 
the appearance of a cohesive fracture through the cen 
itself. 

It was found that a similar chemical attack was obtaixe 
with steel and other metals and with glass. Th 
creased surface area and roughness resulting fro: 
chemical attack are probably two major factors in th 
hesion of the cement. There are other factors to be 










a Fig. 10-—Cohesive fracture through cycle-weld cement, tater 
at 4700X 


sidered in attempting to understand the adhesion | 
analysis is not in place here. 

Since the structure of the interface is apparently ot 
portance in bonding, it follows that investigations 
this type of phenomena for cements, paints, lacquers, 
so on, might yield worth-while information. Here aga! 
electron diffraction and other data will be necessa! 
evaluate the importance of such effects. 

It is hoped that these sketchy examples will serve 
indicate the need for systematic research along the seve 
lines mentioned. There are many other possib 
investigations not discussed, such as corrosion, stress © 
rosion, and surface films. All of these are ved 1 
problems encountered in the application of metals 


1 
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+, HEN the Allison Division began to work on 
dine the detonation problem in 1941, the com- 
lure mercial equipment available was not considered 
’ adequate, so a program was initiated to de- 
velop equipment for detecting detonation on the 
Allison liquid-cooled engine. 


The equipment described here, the authors 
sett conclude, has proved to be successful in deter- 
g mining detonation limits, in acting as a danger 
signal, and in detecting certain installation 

onding troubles. As a routine flight instrument it per- 
stra mits maximum power to be developed with min- 
imum hazard, and under certain conditions per- 
mits maximum safe cruising economy. It may 
ptaine also be connected to servomechanisms for auto- 
matic control. 


THE AUTHORS: JOHN M. WHITMORE, who has been 
with General Motors Corp. since 1937, is now head of the 
tronics and vibration department at Allison Division. He 
worked on the design and application of special instru 
itation in the solution of such problems as vibration, 

, noise, and detonation. Previously employed by Ohio 
Mr. Whitmore is a graduate of Ohio State Uni 

JOHN R. BURNS joined General Motors Corp 

eight years ago, the last four of which have been spent at 
\llison Division as research and experimental engineer on 
troni trument development. His former affiliations 
vith the Bell System and United Electric Light & 
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HE demand for greater horsepower from existing en- 
) gines makes it necessary to develop higher pressures in 
¢ cylinders. As the pressures are increased a condition 
| f pressure, temperature, and fuel-air ratio is reached 
yond which the burning of the charge does not progress 

nly across the cylinder. Such a condition is known as 
tion and is characterized by the spontaneous com 
1 portion of the remaining’ charge in the 


‘hen the pressure, temperature, and mixture of the 


1 
lainine -) 
lt n 


arge satisfy the conditions of self-ignition, 
fame tronts are established at many points and the 
is an extremely sharp increase in the rate of burning. 
ig 1 1s a photographic study of flame propagation under 
ind nondetonating conditions. In the first 
tographs where detonation did not occur, the 

progressed smoothly. In the second series 
ation occurred, a new flame front can be noted 
he next photograph considerable progress has 
trom this and other flame fronts, while in the 
h most of the remaining charge is burning. 


Presented at the SAE War Engincerir Annua 
Tar 9. 1945.] 
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“BPETONATION INDICATING EQUIPMENT 


for 
ALLISON 
ENGINES 


by JOHN M. WHITMORE 
and JOHN R. BURNS 
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General Motors Corp. 


The above study was made on an automotive engine, but 
serves very well to indicate what happens under detonating 
conditions in aircraft engines. 

The increased rate of burning produces a sharp increase 
in cylinder pressures and gas temperatures. The increased 
temperatures will generally result in failure of the piston 
rings, piston, or head in aircraft engines if operated under 
these conditions for an appreciable length of time. In 
addition, it is not uncommon, when operating at high 
powers, for detonation to develop into preignition, thus 
causing immediate failure in most cases. 

Since detonation may cause failure in aircraft engines, 
considerable work has been done in detecting and prevent 
ing this condition. This paper will be confined primarily 
to the development and use of instrumentation for the 
detection of detonation in the Allison liquid-cooled engine 
When the Allison Division first began work on detonation, 
commercial equipment available was not adequate, so a 
program was initiated in 1941 to develop the necessary 
equipment for this work. Since that time sufficient work 
on detonation detecting equipment has been carried on to 
meet the needs of the Allison engine. 

When detonation occurs, a sharp pressure rise is gen 
erated locally, which results in high-frequency pressurc 
confirmed by 


the inspection of a cylinder pressure diagram taken unde: 


oscillations in the cylinder. This fact can be 
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DETONATING 
2.4 
DEGREES OF CRANKSHAFT ROTATION 


4.8 9.2 


a Fig. |— Flame propagation under detonating and nondetonat- 
ing conditions 


detonating conditions. These high-frequency pressure oscil 
lations cause a high-frequency vibration of the cylinder 
which is used as the basis for detonation detection. 

The detonation pickup is a device for changing high- 
frequency vibration into electrical waves. Fig. 2 shows a 
pickup in the exploded and cross-sectional views. The 
pickup consists of a main assembly B, which fits in a soft 
steel shell 4 and is locked rigidly in place by a plug /. 
The main assembly is shown in cross-section in the sam« 
figure. This assembly consists of an Alnico magnet E 
pressed into a steel base D. Insula 
tor C is secured to the base by 
screws to support a terminal H. The 
winding F is supported between the 
base D and a split washer G. The 
winding is impregnated to form 
a solid while 
grounded and the other is brought 


mass one lead is 
out to the terminal. The adapter / 
is used to secure the pickup to the 
cylinder. 

It will be noticed that no parts of 
the pickup are designed to vibrate in 
relation to one another. As viewed 
in Fig. 2, the top face of base D fits 
Plug 
1, making con 
The 
assembled with approximately 200 
in.lb torque, thus precluding the 


against a shoulder in shell 4. 
I screws into shell 
tact with 


magnet E. unit is ° 


possibility of any vibration between 
parts. 

The operation of the unit is based 
upon the magnetostriction effect of 
the Alnico magnet E. Magnetostric 
tion is the change in dimensions of 
held. The 
converse of this definition is equally true; when a change 


certain metals when subjected to a magnetic 
in dimensions is produced by force in certain metals, the 
magnetic reluctance or ability to carry flux is changed. 
Specifically, this is the action taken advantage of in the 
pickup. The Alnico magnet E exhibits strong magneto 
striction characteristics as well as supplying the magneto 
motive force for generating an electrical impulse. If a 
metal bar is struck a sharp blow on the end, a shock wave 
will travel through the metal and be reflected until the 
energy is dissipated. If this bar is of magnetized Alnico, 
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much the same thing will happen, plus a 
Now, it the bar is 
change in flux due to the shock waves will 


tance and flux flow. 
gen <a duce 
voltage of similar characteristics to the vibration Within g 
bar, that is a damped wave. 

The pickup works much the same way, The 
frequency vibration from the cylinder head travels 
the adapter /, plug /, and causes a variation in the pregs 
exerted on magnet E. This, in turn, causes a change ind 
flow of flux, and consequently induces a oltage int 
coil F. The magnetic path of the pickup is closed s 
obtain maximum sensitivity. 

The frequency response of the pickup is quite 


ay 


In all engines there is considerable low frequency 
tion present at all times, while the high-frequency vibra 
due to detonation is of extremely small amplitude jy 
parison. If the extremely small high-frequency vibra 
is to be detected in the E considerable Ie 
frequency vibration, the low frequencies must bx 
inated against. The Allison pickup does this \ 
factorily without the aid of electrically tuned circuits 
pressure variation on the magnet E is a function 
eration. The variation in reluctance is a function 


presence ol 


sure, while the output voltage is a function ot 
change of flux. This makes the output of the 
function of frequency cubed. Practically, the 
tion is probably not this high, due to losses at 1 
frequencies, but it is more than sufficient for u 
Allison engine. 












a Fig. 2 —Allison magneto- 

striction detonation pickup 

-exploded and cross-sec- 
tional views 
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f mounting detonation pickup on Allison engine 





ist be fastened securely to the cylinder 
the high-frequency vibration. This proved 
" a , oblem on liquid-cooled engines. In general, 
to t be fastened in such a way that straight 
a ontact is maintained between the pickup and 
cylinder. This is to ensure proper trans- 





fal ; high-frequency vibration produced by deto- 
been found that this vibration will not be 
nitted through the coolant or along thin, 

} of metal in the head. 
ross-section of the Allison cylinder head 
1 oolant and method of attaching the pickup. 
ns for attaching the pickup were tried and 
ssiul until the adapter, as shown, was de 
ed. It will be noted that the coolant surrounds a large 
rt of the cylinder head, thus preventing transmission of 
Under detonating conditions a shock wave 
general vicinity of A and travels out in all 
When this wave strikes the cylinder dome, it 
ted and partly dissipated with very little 
to the outside. Likewise, there is little or no 


Bnismis 4 the high-frequency vibration between cyl- 


vaves that travel toward the spark plugs 
etal portion of the cylinder and are trans 
i the outside. Thus, there is good transmission 
nder head to the pickup. The adapter is made 
lace of the spark-plug gasket, thus assuring 
the spark-plug position is not changed. It will be 
pickup may be attached to a standard engine 
ges are required. 
i] \ n. copper gasket is used between the spark-plug 


id the adapter to prevent leakage. The bronze 


between the spark-plug insert and_ the 

: to be free from leakage. Extensive use of 
is shown it to be quite satisfactory. 

eristics of the output voltage pattern from 

my ire of considerable concern since it is this 

P licates detonation. The closing of the valves 

a es produces a similar pattern and must be 


4 shows the detonation pattern of a CFR 
engine is one in which the valve impact 
iuses a pattern similar to'detonation. In this 


aXls covers two revolutions or one complete 


ret 


Cc. 


trace shows two damped oscillations at 
These are the result of impact from the 
ich smaller indication is seen at time B. This 
, = = 1 
1 excited by the burning of the charge which 


t 


SUG 


tr 


race shows a similar pattern at times A and 


t at B. This charge detonated rather se- 
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a Fig. 4— Detonation pattern of CFR engine 
verely. Examination of the two patterns will reveal that 


j ] 


the peak voltage output at time B was increased severalto 

due to detonation, while the output at times 4 and ¢ 

to the valves did not change. It is also of interest that th 

peak voltage due to a rather severe detonation is of th 

same general amplitude as that due to the valve impact 
This does not prove to be a difficulty if detonation 

detected by the pattern on an oscilloscope, but obviously the 


; 
effect of valve impact must be eliminated trom the pattert 
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Fig. 6 is a photograph of the pattern 

pickups operating in parallel on a multicy\, 
engine. The first trace represents the a 
detonating condition. It will be Noted the 
pattern is fairly uniform in nature. The ge, 
trace represents the detonating condition, Ing 
trace it will be noted that two of the four a 
ups indicated detonation and that the we 
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G detonating conditions is quite satisfactory 
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“4 the peak voltages under detonating and , 







output voltage of a single pickup is apps 
mately 0.05 v peak under normal operation i 
may go as high as 0.3 to 0.5 v under severe de 
nation. The frequency of the generated le 
is approximately 5000 cps when used op 4 
Allison engine. 


: 
H 
j 
H 
i 


It can be seen that the above described pig 
produces a distinguishable pattern under is 
nating conditions and when combined in 
will produce a satisfactory peak voltage 
between the detonating and nondetonating 
ditions as used on the Allison engine 
immediately suggests two methods for 
indication of detonation. They are, by obs 
tion of the pattern on a cathode ray oscillosoy 





t ° T oe 
A: & Cc 720 Oo 
TIME 


oO 


TIME 


a Fig. 5—Detonation pattern of 
Allison single-cylinder engine 


for detection on a voltage basis. In general, this is accom 
plished by commutation. 

The third trace shows a pattern under detonating con- 
ditions where the effect of valve impact has been elimi- 
nated by commutation. It is obvious that there is now a 
workable voltage ratio between the detonating and non- 
detonating conditions. 

The Allison engine does not exhibit these valve impact 
characteristics and, consequently, does not require a com- 
mutator. Fig. 5 is a photograph of the pattern of an 
Allison single-cylinder engine. Times A and C in the first 
trace are again due to valves, and B is due to the charge 
burning. It will be noted that the effect of valve impact is 
less than that of the charge burning under normal con- 
ditions. The second trace shows the pattern under detonat- 
ing conditions. A damped oscillation will be noted at time 
B as a result of the detonation. The peak amplitude of 
this oscillation represents a satisfactory voltage ratio over 
any peak value observed under nondetonating conditions. 
It is due to this condition that commutation is unnecessary 
in the Allison engine. 

When the multicylinder operation is considered, the 
single-cylinder patterns will be displaced by an angle equal 
to that between firing. If all the patterns are combined, 
the indications from successive explosions will form a 
fairly continuous background which will be only a few 
per cent larger than the peak due to one explosion. This 
condition is benefited by the method of adding random 
signals in which the root-mean-square law governs. With 
these conditions in mind, it is sufficient simply to parallel 
the outputs of the different pickups on a multicylinder 
engine and still maintain a workable voltage ratio between 
the nondetonating and detonating peaks. 


n Fig. 6—Detonation pattern of 
Y-12 engine employing four detona- 
tion pickups in parallel 
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and by the increased voltage operating a nq 
lamp. 

The visual indication of detonation in tor 
stand and dynamometer operation at the Alli 
Division has been chiefly by the pattern 
cathode ray oscilloscope. Fig. 6 is a typical a 
ample of this type of indication. When ve 
is a warning signal, pickups are put on several of t 
cylinders most likely to detonate first, paralleled, and t 
directly into a cathode ray oscilloscope. This method « 
not indicate which cylinder detonates first but as a warm 
signal this is not necessary. 

When more extensive investigations are undertatt 
such as determining detonation limits and most prov 
cylinders to detonate, a special amplifier is added to ® 
above setup. In general, pickups are installed on & 
cylinder and carried over separate lines into the contt 
room. Here the output of each separate pickup is fed 
the amplifier shown in Fig. 7. 


This amplifier is qui 
versatile in that it permits the selection of any one 
number of cylinders up to 12, the adjustment of ga 
compensate for variations in pickup or cylinder vibraue 
and visual observation of the detonation pattern 
cathode ray oscilloscope. It incorporates electronic 1 
and a neon lamp indicator and provides amplification if 
a synchronizer to be used in connection with the cattt 
ray oscilloscope. 
It will be noted that each lead from a pickup is brougt 
in separately to a shorting switch and potentiometer 
permits selection and individual gain control. Indiv 
gain control is not absolutely essential but 1s ver 
venient and has proved worth while. The signals are ™ 
each fed into a triode tube for electronic mixing. ™ 
purpose of the electronic mixing is to reduce the elie 
variable loading of the pickups. If the units were si 
parallel the resultant voltage from any one would « 
on the number of other units acting as a load. Thus, 
changes were being made from several units to one 
in the process of determining the most probable cy!" 
to detonate, a marked increase would be noted 




















quite confusing in connection with are fed into a step potentiometer in which each step repre 











‘oe ) and in error for indication by voltage sents an output voltage ratio of 1.41 to 1. The signal then 
rhe t shown permits the change from 12 units passes through two stages of amplification employing nega 
no appreciable change in signal strength. tive feed back and is fed into a 6SL7 tube which forms a 
itput of the units is then fed into a master trigger. When the 6SL7 tube is triggered, the 6SH7 twulx 
eg ~ ° — . . 
tro one stage of amplification before going to conducts current. This current in turn lights a neon lamp 
thod oscilloscope. A second take-off from the indicating detonation. The 6SH7 tube, connected as a 
sic s made for the neon lamp, indicator. This triode, is capable of handling about 30 or 40 ma current, 
on ope! on a voltage ratio and triggers the tube which is sufficient power to operate a counter, auxiliary 
to lig eon lamp. A step gain control is incorpo- lamp for photo observer, and so on. The gain control and 
One stage of gain is also employed for indicating lamp are mounted on the instrument panel, 
chronizing the oscilloscope in connection with pattern while the amplifer and dynamotor power supply are 
ervatio! located in some convenient pesition. This equipment may 
Yetonation detection in flight is obviously little different be used to indicate which cylinder is detonating by th« 
m that in torque stands and dynamometers except for addition of a commutator in the output circuit and a neon 
ce and power supply requirements. Where space per- lamp for each cylinder. 
s. such as in bomber installations, detonation can be Fig. 9 is a photograph of this equipment showing five 
served on an oscilloscope or indicated by means of a pickups. The equipment is designed to operate with up 
ht. In pursuit plane testing the equipment must be to 16 pickups but usually five or six units are sufficient. 
pact and light in weight. Flight detonation detection The amplifier and indicator may be seen near the center of 
the Allison Division has been confined to pursuit planes the photograph with necessary cables and a junction box 
| indicated by means of a neon lamp. for five pickups. All cables are flexible and not made into 
‘he detonation equipment used for experimental flight a harness to keep down weight and increase the adapta- 
eration at the Allison Division consists of pickups, a bility. 
rer tube amplifier, and a neon lamp indicator. The Fig. 10 is the schematic diagram of a compact unit 
tputs of the pickups are paralleled and fed into an designed for routine flight operation. This unit employs 
plifier shown in Fig. 8. The signals from the pickups only four pickups and indicates destructive detonation by 
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mn Fig. 8—Schematic diagram of detonation amplifier for experimental flight operation 


This unit employs two stages of triode 
The 
neon lamp is incorporated in the trigger stage, and a step 
1. The two fila 


de 


a neon lamp. 
amplification and the same trigger circuit as Fig. 8. 


] 


by inverse feed back is usec 


4-v airplane battery and 


gain control 


? 


ments operate in series from the 2 
the unit was designed to operate from an existing 250-\ 
“B” supply where available. This is not always readily 
available, in which case a dynamotor must be substituted. 
Where available, the surge characteristics of the supply 


must be investigated to ensure against false flashing. The 
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Fig. 9- Detonation indicating equipment for experimental flight operation 


6AL5 tube in this circuit is for the purpose 
rl 


1g. iS a 


the effect of power supply surges. F 


of this indicating equipment. The amplifier 


item in the photograph. The two smaller u 
external gain control and indicator lamp, both 
are located in the cockpit. 

The use of the equipment in flight depet 
ratio of the peak voltages between detonatin 
Detonation in the Al 


detonating conditions. 
is taken as that point at which the peak voltag 
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a Fig. 10—Schematic diagram of 
destructive detonation amplifier 
for routine flight operation 


This unit employs ‘only four pick- 


ups and indicates destructive de 
TON ation py a neon amp. The unit 
employs two stages of triode 
piitication and 

‘cuit as Fia. 8 


48,0007 
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7002 


43,000 2 


a Fig. || —Destructive detonation indicator for routine flight operation 
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a Fig. 12-Device for calibrating detonation pickups 


nately double the value of the background or voltage due 


to the explosion. The step gain control is made in such a 


way that each step represents a change in gain of 3 db. 


Cheretore, two steps represent change of 2 to 1 and 
the basis ot indication. After the equipment has been 
nstalled and checked for proper operation the plane is run 
ip to take-off speed and a power at which detonation is 
Known not to occur. The gain control is then set two 
teps less sensitive than the least sensitive point where 
ndications are obtained. This setting represents a ratio ot 
etween 1.41 to 1 and 2 to 1 and is then satisfactory for 
il normal speed and power operation. The equipment will 
hen indicate for the same peak voltage regardless of speed 
or power which will represent a higher ratio at lower speeds 
lue to the reduced normal indication. This is offset by the 


i 
act that the ratio of peak voltages is usually higher at the 
lowe! speeds. 
Some question may be raised as to how one can be sure 
he original setting was made under nondetonating con 
litions and how close to detonation it should be made. The 


riginal setting can be made 20% to 


30% below the | power 
which detonation occurs without materially affecting the 
oint of indication. This margin, the quality of gasoline, 
and background experience of the engine dictate the point 
original setting. If doubt exists, the pattern may be 


bserved on an oscilloscope. 


In the installation of the equipment for eithe: Hight 
yround use, one caution to be observed is that the | 
not strike any metal parts during operation. The pickup 
will respond to impact and will, if struck a sharp blow, 
ndicate the same as detonation. Therefore, the 
should have sufficient clearance so that the engine move 
ment will not cause it to touch other parts. This condition 


iv be taken advantage of in checking the equipment 


Or 


ie kup 


1 
pic Kup 











are 
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aiter installauon. A sharp blow with a 
screw driver should cause the indicator to lig! 
The pickups must be calibrated from tin 
ensure their SRSEENY; otherwise the det 
voltage ratios will be in error. Fig. 12 sho 
used at the Allison Division. The pickups 
the diaphragm as shown, and steel ball 
through the tube, striking the diaphragn 


an 
vibration of the plate. This is obviously n 
ulibrator but serves very well for calibra 


number of pickups. 


One of the problems encountered in flight 


pursuit planes is visibility. It takes a reas 
light for a pilot to see it, much less to attract 
This problem alone dictated the use of the t: 
of indication. This permits the lamp to burn 
the duration of the detonation impulse, whi 
mately 0.002 sec, and pilots reported better 
with the flicker of a ae amplifier. The 
equipment is not capable of detecting every 
which may be as dete as 0.0033 sec apart, but 1 
eye does not separate images happening faster 
12 or 15 per sec anyway. The usual frequencie 
re about 12 or 15 per min as a detonation limit 


The equipment shown in Fig. 8 is capable of 
up to 10 or 12 times per sec, while that show: 
indicates about 4 per sec. 

The successful use of the detonation equipme 
considerable knowledge of the engine characterist 
relation with the effect of detonation on engine 
the characteristics of the particular fuel. In 
detonation is reached, it may happen in only a f 
cylinders, and, due to the cyclic variation, dur 
small percentage of the time. The severity of 
rate detonations will vary over a wide range 

The indications of the equipment must b 
with the detonation indications on the surface of 
and cylinder head as well as other know 
ndication. The Allison equipment has_ be 
with pressure oscillations in the cylinders, sm 
the exhaust, and roughness found in some air] 


In general, it will be found that differe 


mixture strengths produce slightly different patter 
nation at the lower speeds and leaner mixture 
produces a greater ratio of peak voltages, whi 
octane fuels produce a smaller ratio of peak v« 


In conclusion it may be said that the above 
has proved very successful in determining 
limits, in acting as a danger signal, and in det 
installation troubles. Its continued successful 
instrument in connection with engine develo; 
require periodic investigations to keep it abreast 
and fuel developments. As a routine flight 
permits maximum power to be developed with 
hazard, and under certain conditions, permits 
safe cruising economy. It may also be connect 


mechanisms for automatic control. 
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aintenance Engineering of 
CHASSIS LEAF SPRINGS 


by ROBERT N. AUSTEN 


The Iron City Spring Co. 





ROPER care of truck and bus equipment— 
Poiways important, but now even more so be- 
cause of wartime overloading — even applies to 
such seldom considered parts as the chassis leaf 


springs. 


So that fleet operators will know what to do 
to prevent trouble from happening to these 
parts, Mr. Austen lists here the various places 
on the spring where breakage is most likely to 
occur and the reasons for each type of breakage. 


These types of breakage depend on where the 


spring fails, and are listed, by the author, as 
follows: 


|. At the center bolt hole. 


2. Just away from the axle and outside of the 
U-bolt anchorage. 


Ww 


. Midway between the axle and the eye. 
4. At the base of the eye. 


5. Just throughout the spring generally. 





e scene of our action, let’s go back to the time a 
equipment was purchased. This purchase was 
confidence in the manufacturer to the extent 
rts ot the vehicle were capable of doing the job 

was sold and bought. That confidence was 

i, tor the manufacturers have done a thorough 





S t the best engineering talent in the world was 
was presented at a meeting of the Pittsburgh Section of 
~ irgh, Pa., May 9, 1945.) 
Design and Applicat of Leaf Springs,” ; 
Spring Committee, SAE W ring Board. Avai 
~ pecial Publications Department, Society of Automotive 
° West 39th St.. New York City 18. $1 to SAE members 
mbers 
“A 
Vetober, 1945 


spent in developing the vehicle purchased. The leat spring 
suspension provided is the best suspension known for the 
purpose. 

The designs of the springs have been established by 
experts and the springs will carry the designed load satis 
factorily under the normal conditions in which they were 
expected to operate. All the steps in designing, to the final 
specification used to produce the springs on the vehicle, 
have been explained in “Manual on Design and Applica 
tion of Leaf Springs,”! which gives an authoritative study 
on preliminary design used by the original manufacturer 
However, to quote from p. 43 of this manual, “In view of 
the compromises and assumptions involved in the detail 
design, service experience must remain the final test.” 

All compromises and assumptions made in developing 
the original detail design were based on a normal operatior 
under normal conditions at a given load 


Our service experience occasionally shows some break 


age, so there must be some conditions creeping into out 


operation that are beyond the normal figured by the 


designer. 


For investigating these conditions where spring 


require 
ments are beyond those originally expected, and to pres 


a method for redesigning, the following is given 


@ Wartime Overloads 


Remembering that most designs were developed 


war and for conditions of that period, we fac 


, 
tne 
sh om’ an load of ] y . 1 > ee 2 
hat the overioad of yesterday ts the normal load of toda 
, 


Our trucks and buses were designed for yesterday's normal 





ind not today’s normal load. T he springs were des g 
to give mileages long ago used up. Well, let’s start wher 
the manufacturer left off and bring the de ‘ 
THE AUTHOR: ROBERT N. AUSTEN (A °38) en . 
t engin ring areer with Iron City Sorin ( s 
r graduating from ‘ nell Universit und has remains 
ere ever Mr. Austen, a past e SA 
Pitt rah Se } s the 2 rs a 
engine at Ir City Spr 
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by simulating a contact of a service engineer in response 
to a call about springs. 


First of all, how old are your springs? Have they been 
in service so long that they have fallen arches? Take one 
out of the job and lay it on the floor with no load on it for 
a check. It has taken a permanent set, or settled more 
than 5% of the designed arch; so the ideal thing to do is 
to replace it with a new one; but that isn’t always easy 
with our shortage of today. 


The next best thing is to reset it to the original height. 
Be careful, though, that in doing so, the cold hammer 
peening method is not used. Specify reset and heat 
treatment. By cold hammer peening, only temporary relief 
is obtained. By properly heat-treating a used spring that 
has not been too badly worn, another 60 to 80% of new 
spring life can be obtained. This reworking of a spring 
should not be done more than twice to be within an eco 
nomical operation. 


@ Spring Breakage 


If breakage is occurring, the question is, “Where on the 
spring is the breakage occurring repeatedly?” (a) At the 
center bolt hole, (b) just away from the axle and outside 
of the U-bolt anchorage, (c) midway between the axle and 
the eye, (d) at the base of the eye, (e) or just throughout 
the spring generally. 

(a) Breakage at the center or between the U-bolts is 
almost generally agreed to be the result of loose U-bolts. 
Worn axle pads and seats can be a contributing factor, but 
the cause is the same. The U-bolts are not tightened or 
cannot be kept tight. Clamp a piece of wood in a vise and 
break the wood by deflecting the end. It will never break 
between the jaws of the vise. Likewise, with tight U-blots, 
no deflection occurs on the section of the spring between 
the bolts and no fatigue and breakage occurs. 


Well, “How tight should U-bolts be pulled?” It is an 


established fact that these bolts should be pulled up with 
a load 


oT 
ie 


eater than they carry in service. Think of an 
underslung rear spring on a bus, which is rather standard 
installation, and knowing that the entire load is hung on 
the U-bolts, an idea can be had as to how hard a pull is 
necessary to assure tightness. A box socket wrench, either 
manual or air operated, is advised for running up the nuts, 
but in addition, a piece of pipe over the handle for the 
final set is necessary. A suggested table is: 
in. diameter bolt: use 3-ft pipe length. 
*4-in. diameter bolt: use 4-ft pipe length. 


’g-in. and 1-in. diameter bolt: use 6-ft pipe length. 

Few mechanics can break a %-in. bolt, but they must be 
able to stretch it. To be tight, a bolt must be stretched 
slightly. This figure is given as 0.003 in. per in. of length 
3 and still have the 
bolt elastic; beyond 0.004 creates a permanent set and a 


definite weakness. 


The stretch can be from 0.001 to 0.00 


We mention that the pull on the bolt must at | 


east equal 
the load to be carried by the spring. 


If the vehicle is carry- 
ing more than it was originally designed for, a check 
should be made on the U-bolt size by use of the following 
formula: 





A = PL/SD 


where: 


A = Total area of (four) bolts 


P = Maximum load on spring 

S = Halt of yield strength of bolt mater 
L = Length of spring 

D = Longitudinal distance between bolts 


Note that the L and D values are fixed by th 
turer and we can vary only the P, S, and A values 
correction if necessary. Z 

(b) Breakage at the axle but beyond the area cla; 
by the U-bolt is caused by a sharp shearing edg 
axle seat or plate, or by improper gaging in the up 
leaves of the spring where an attempt has been made 
get more strength with a heavier main plate insta 


without considering the proper rearrangement of 


ae) 


in the lower plates. We will discuss that later 

(c) Few operators realize fully the relation bet 
severe operating condition of brakes or clutches and spr 
results. Nearly all cars, buses, and trucks have the Hi 


kiss drive. This drive is fine for the cushioning « 


and clutch operation — but what a job it gives the s 
to do. In addition to carrying the load of the vehick 
springs must absorb the driving torque force and brakin 
torque force created by sudden release of clutches or 
cation of brakes. Suppose one brake is out of adjust 
so that the entire braking force is thrown on on 
wheel. The force exerted on the corresponding sprit 
without limit. 


The car manufacturer in his design accounted 
certain static deflection under a normal load plus a 
tion to metal-to-metal contact between axle and 
The spring manufacturer, in his bulldozing or co 
test, deflected the spring beyond the point equiva 
metal-to-metal contact or greatest possible vertical 
tion on the vehicle without taking the steel near 
limit. 


In its normal function, the spring must 
within its safe range. 


But when brakes are applied suddenly at the sa 
the spring is deflected vertically, a wrap-up o 
takes it beyond its elastic limit. It is our belief that 
springs are broken from wrap-up than from any 
cause. By wrap-up we mean the tendency of the spring 
follow the wheel rotation when brakes ar 
clutches engaged. The degree of wrap-up in 


is as high as 7%0. The resultant stresses 1m the 


unlimited and are as proportionately high as th« 
tion was abrupt. The result usually is evident in breakag 
occurring midway between the axle and the ¢} 
The 


usually are beyond the scope of the spring ! 


spring. corrective measures are self-e\ 


engineer. 


(d) The eye or end fitting area of a spring 1s 
critical part, for it is the point of attachment to | 
and is responsible for maintaining the spring | sit 
to act as the radius torque arm. It is the only 


of contact between the axle and the frame in m 
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ist withstand all the thrust trom driving 
ition or from road shocks in most front 
st braking torque in both cases, while 
ce of the load in its normal spring action 


rring at the base of the eye and parallel to 
uted usually to any or all of the above con- 
For example: Most vehicles today have 

n the front horn of the frame. The advan 

g is to gain better steering geometry. This 

| hanger at the rear of the front spring. The 
the only member between the axle and the 
the front wheel hits a bump, the resultant 
n along the main plate. The shackle belt is 
ching the front end assembly forward with a force 
t the front halt of the eye. The road thrust 

ng in the opposite direction must then travel along 
main plate and around the eye, to be taken by the 
the front of the eye. This tends to unroll 


e eye, as pulling a pencil out from your hand and under 


er tips. 


ng ps. If brake application comes at the same 
np is encountered, the wrap-up at the axle’ 


aggerates the tendency to unroll the eye. Driving thrust 


ere clutch engagement has the same effect on the 


ye of the rear spring. 

Without adequate protection at the eyes, the resultant 
1 eye can cause serious accidents or road delays. The 
rrective step is to use wrapper plates around the 
[his isn’t particularly a preventive step, but it is 
tely a safety factor. Investigate the possibility of 

ng a heavier gage main plate by checking with the 

ss formula to be given later. 


company has developed a method of applying a 


xible-radius-torque arm directly to the spring. By means 


sting fitted against the outside perimeter of the eye 
pposition to the thrust of the shackle bolt and 
1 plate running the full length between the 
spring and on top of the spring, the force of 
ust is carried, not by the main plate, but by the 
plate directly through the metal of the eye to the 
and not around the eye. This casting, used 
on with a wrapper plate, practically encases 
steel. This plate, as installed, acts also as a 


ret 


; trol 


rue, 


as well as a torque arm in resisting 


nother type of eye fracture that is seldom 
s a source of much trouble if not considered. 
it the base of the eye are not parallel to the 


r 


are diagonal to it at about 20 or 30 deg, 
t apt to be the result of a torsional stress. This 
the spring being twisted by excessive sideroll, 
transverse stress in the spring. Proper loading 
lequate capacity is the best correction. Also 
vorn shackles. 
tal breakage throughout the spring is usually 
g! t not enough capacity. But how can we tell 
ree iple procedure that is practical can produce 
Og results, but first, remember this: 
g designer used a certain load factor in arriving 
1 of a spring to give a certain height for the 
only the body weight is on it and a certain 


<ignt 1 the maximum payload is applied. He also 


‘ertain clearance before metal-to-metal contact 
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is made in extreme deflection. In other words, the manu 
facturer designs a vehicle for a given load under average 
normal conditions. If the loads you are to haul are known 
to be greater generally than those for which the design 
was established, don’t criticize the spring suspension ot 
designer; redesign to meet the new conditions. And what 
are the new conditions? A simple procedure will tell us 
that. 


@ Redesigning for Overloads 


Weigh the empty bus or truck by running the two front 
wheels to the center of a platform scale and take the 
weight. Then, run the four wheels on and take the weight. 
Finally, run the two rear wheels to the center of the scale 
and take the weight. This gives the wheel loads of the 
front and rear wheels separately with a fair check of 
accuracy against the total weight of the empty vehicle. 
Since springs do not carry any part of the tires, wheels, 
rims, axles, brakes, or the springs themselves, we must 
estimate the unsprung weight and subtract it trom the 
scale readings to get that part of the empty vehicle that is 
carried by the springs. A fair estimate of unsprung weight 
is as follows: 

14-Ton Trucks and v4 


to Heavy-Duty 


Passenger Cars 2-Ton Trucks Trucks and Buses 


Front 150 to 200 250 to 300 s00 to 600 


Rear 300 to 350 500 to 750 200 to 1500 


: 

By taking these amounts from the corresponding scale 
weights, we can tell how much load is on the two front or 
two rear springs when the vehicle is empty. This is our 
net sprung load. Simply dividing by two gives us the net 


sprung load per front or rear spring. 
7 , 


Now we apply the payload. This load or weight is not 
distributed to the front and rear springs in the same pro 
portion as the net loads of the vehicle, but must be deter 
mined by the measurements taken of the vehicle. It must 
be assumed that the body is to be loaded uniformly over 
its entire area, which is equivalent to applying the entire 
load at the center of the loading area. There are several 
simple formulas that can be used, but the simplest to use 
is based on the fact that the payload carried is distributed 
to either axle in proportion to the distance from the center 


of the load to the opposite axle. 


If the maximum payload is known, the most direct for 
mula to use is: Payload x F/WB equals payload on the 
rear springs. F is the distance from the center ot the load 


ing area to the center of the front axle. By substituting the 


distance from the center of the loading area to the rear 


ixle center, the amount of the payload on the tront springs 
is obtained. This formula can be applied to trucks, buses, 
and trailers with equally good results if, 


in the ol 


buses, you use the distance between the first and last pas 


cas 


senger seat as the loading area length and, in the case of 
trailers, the distance between the fifth wheel and the 
axle center When the 


spring load is found, divide by two and you have the 


real 


1 
as the wheel base. front or rear 


payload applied to each front or rear spring. 


Add to these payload figures per spring, the net sprung 


load per corresponding spring previously determined and 














you have the gross load required to be 
spring. 


carried by each 


Now we know how much each spring is to carry. Your 
spring manufacturer knows or your spring service station 
can find out, if it doesn’t know, or you can learn from the 
vehicle manufacturer’s service manual, just how much load 
your present spring was designed to carry. From the rate 
per inch that is also given for the spring, the deflection 
through which that load should take it can be determined. 

With the load to be carried known, and the designed 

irrying capacity known, the difference tells us how much 
more capacity must be built into the spring to meet the 
overload condition and still maintain the designed arch of 
thé spring under gross loads. 

The capacity of a spring varies directly as the weight of 
the spring steel used, so if the additional capacity needed 
is, say, 20% as great as the present spring capacity, an 
additional 20% of the weight of the present spring will 
give the capacity required, provided the same gage of steel 
is used. 


® Determination of Spring Weight 


A simple formula for determining the weight of a spring 
in the field, when no scale is available or no spare spring 
is to be had, is: Multiply the length of the spring, mea- 
sured along the main plate from center of eye to center of 
eye, by the width, by the thickness at center overall from 
main plate to short plate, inclusive, by 0.182, and you will 
have the weight within 5%. =, 

In some cases, for sake of easy riding, part of the extra 
capacity can be gained by raising the free arch of the 
spring. A spring carries the same load per inch through 
every inch it deflects, so when we know the load rate per 
inch of a spring, we can raise it a certain amount, and then 
the load necessary to deflect the spring that given amount 
can be taken from the extra capacity we plan to build into 
the spring before deciding how much steel to add. 


@ Stress is Limiting Factor 


There is a limiting factor, however, to watch in raising 
the arch of a spring, and that is stress. Because a spring 
not only is at work constantly, even when the vehicle is 
motionless, but chiefly because the stress to which a spring 
may be subjected is not easily limited (when we consider 
road shock, wrap-up, and excessive vertical deflections, all 
added together when a bad bump is encountered and 
brakes are applied at the same time), a very low limit for 
stress is used in spring design. Stress limits usually used 
are: 

Front Springs 
50,000 to 60,000 


Rear Springs 
Under Normal Load 65,000 to 75,000 


A simple formula for checking this stress against your 
spring is: 

Stress = Deflection x Thickness of 
individual leaf x E (28,000,000) 
(4 Length)? 

Since the length of the spring is fixed by the manufac- 
turer, we can only vary either the deflection or leaf thick 
ness which affect the stress in direct proportion. If our 
stress figure for the spring involved is below the limits, we 
can safely raise the spring in proportion to the difference 







and bring it up to the limit. By the same process ; 
want to increase our leaf thickness for greater eye strengs 
for example, the same thing holds true. 7 

Now we know we can safely raise the s Pring a cengs 
amount and must add a certain amount of 
the desired capacity. 


lay 
tee! to ODtaiy 
We may want to do a complete ig 


and strengthen the eye of the spring by using a ly 
main leaf. Our stress check says we can do that. But b 
will that heavier steel affect our capacity? Well, the ol 
fact that for a given width and length, the capacity ’ 
steel bar varies as the cube of its thickness holds tn» » 
springs and can be used to make the proper adjustmeny; 
capacity required. 


e 


We still have some steel to add. Now, where is the he 
place? Of course, the length of steel required to gi; 
necessary weight is a factor, but, generally, 


the Nearer th 
extra leaf or leaves can 


- installed to the main leaf 
better. Also, the longer and fewer leaves the better, so 
to avoid U-bolt complications, as well as additional torgy 
moment length due to extra spring thickness. The be 
rule to follow is to install the leaves with the y 
maintaining uniform spacing between the leaves. Ip ; 
events, avoid installing in such a way as to get two | 
of equal length together and setting up a localized 
point. 


@ Preventive Maintenance 


By the above procedure, almost every service problen 
can be licked. Probably a little preventive maintena 
though, could eliminate most spring song 
Springs, like tires, are expendables. Their lives, like thoe 
of tires, can be greatly extended by a little care. The 
difference between the tires and springs is that you see the 
results of tire abuse as it develops, and you don’t see the 
results, usually, of spring abuse until the result occurs 

Preventive maintenance begins really in the offices of th 
fleet operators. I would advise them, as follows: Chet 
your new vehicle for its loaded condition versus spring 
capacity before you put it in service. This is particular 
true if you have bought only a chassis and transferr 
body from some other vehicle to it or had a body bi 
construct something of unknown weight around it. 

Explain the effect of improperly adjusted brakes 
service men. Fill up that bad curb-to-ramp conditio! 
causes an extreme sideroll every time the vehicle goes in « 
out of your garage. Teach your drivers to ease up ont 
brakes at the same time they hit that hole in the road 

Then put your spring maintenance to work 01 
inspection rack. Check lubrication of spring eyes, tight 
U-bolts, look for springs that have given their mileage 
are sagging or have leaves worn into one another. Wat 
for the plate that has cracked and remove the spit 
immediately before more leaves break. Every leaf in 
spring has suffered the same shock that caused the weakts 
one to fracture. 

In other words, the spring on your vehicle is like 
guard on a football team, except that the trainer keeps 4 
close watch on the guard’s condition, as well as the s 
performer, while springs are put into play and then ‘0 
gotten. You don’t have to spend as much time groomitt 
your springs as you do your engine, but you wil! be 
prised at the dividends the spring will return for |" 
little attention. 
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Bome Advantages and Limitations of 
q CENTRIFUGAL and AXIAL 


AIRCRAFT COMPRESSORS 


ind by KENNETH CAMPBELL 


leave Research Engineer 
and 


JOHN E. TALBERT 


Project Engineer 
Wright Aeronautical Corp. 


utset, it should be emphasized that any evalua 
of the relative merits of centrifugal and axial 
bmpressors for aircraft powerplant use must be influenced 


by two basic facts: 


by virtue of the pressing need, now largely satis 
; perfection as a supercharger for reciprocating 


r} 


is presented at a meeting of the Detroit Section of the 


May 7, 1945.] 


furbines and Jet Propulsion for Aircraft,” by G. G 
Flight Publishing Co., Ltd., London; Aerospher« 


by 


1944, 


AA AU 


N understanding this investigation on cen- 

trifugal and axial compressors, the authors 
point out, it must be remembered that the cen- 
trifugal compressor has enjoyed years of inten- 
sive development because of its use as a super- 
charger, while the axial compressor has been 
denied such attention until recently. 


It is also explained that performance and 

space-weight considerations must be well bal- 

akes anced for a supercharger used on reciprocating 

engines, while with nonreciprocating engines, by 

eth ar the most important compressor considera- 
ae "ion is optimum performance. 


The conclusion of the authors is that the axial 
‘ compressor will ultimately probably be used in 
’ applications where compressor efficiency above 
80°/, is ata high premium, but this can happen 


AMMO UL UMM 


. 10 tober, 1945 





nes, the centrifugal supercharger has enjoyed years 


of intensive aerodynamic development in the laboratory 
denied to the axial compressor in any comparable degre 
until recently. 

Second, reciprocating engines call for a well-balanced 
relative proportioning of good performance as against smal! 
space and weight of their superchargers, while with not 
reciprocating powerplants,’ optimum compressor perform 
ance leads the field of other considerations by a wide 
margin, 

The first of these facts is supported by some of the mate 
rial of this paper. In support of the second fact, Figs. 1 
and 2 are submitted. Fig. 1 shows the diminishing returns 
to conventional supercharged engines resulting from in 
crease in supercharger efficiency above the general 80% 
region. In constructing these curves, it has been assumed 
that 40 in. of Hg manifold pressure is maintained at 20,001 
ft in the same engine by different hypothetical supe: 
chargers having successively greater degrees of efficiency 
from 40% to 100%. The horsepower output achieve 
with the perfect supercharger is represented on the ordinat 
scale as 100°. Curve A evaluates, as supercharger efh 


ciency increases, the relative increase in horsepower output 


{AUULVAMENARUAQUUALSOUUPSOOUEUEUA PUA 


only after it has been brought into line from the 
standpoint of operating range and light struc- 
tural design combined with ruggedness. 


HNN : 


THE AUTHORS: KENNETH CAMPBELL (M ‘34), 
research engineer of Wright Acronautical Corp., has recently = 
been assigned to advance powerplant projects. Before join = 
ing Wright in 1933, he was connected with Bethlehen 
Steel Co., Trent Anthracite Corp., and Sanderson & Porter, 


consulting engineers. Mr. Campbell was the winner of the 
16th Wright Brothers Medal in April of this year. The 
uward was made in recognition of his paper, “Engine C 

ing Fan Theory and Practice,” which appeared in the 
TALBERT (J °37), project engineer in charge of super 
harger research at Wright Aeronautical Corp., has been 


engaged in this type of work for the last eight years. Mr 
September, 1944, issu f the SAE Journal JOHN I} 


Talbert is a graduate of M.1.T 
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COMPRESSOR EFFICIENCY 


m Fig. | — Effect of compressor efficiency on overall efficiency of 
reciprocating powerplant 


due to the combined effect of the cooler, and therefore 
denser, mixture temperature entering the cylinder and the 
decrease in power robbed from the crankshaft to drive the 
supercharger. As far as mechanical efficiency (in turn 
influencing overall thermal efficiency or specific fuel con- 
sumpt:on) is concerned, only the second component, 
namely, the reduced shaft power consumed by the more 
efficient supercharger, affects this. Curve B shows the 
increase of mechanical or thermal efficiency of the engine 
with increased supercharger efficiency, relative to this efh 
ciency with a no-loss supercharger. It will be observed 
from curve B that the proportional gain in efficiency to be 
had for further improvement in the supercharger above the 
80%e region is slight. 

Curve C represents the combustion air temperature at 
the valve port or intake-pipe temperature, calculated on a 
dry-air basis, resulting from achieving the assumed 4o-in. 
manifold pressure at 20,000 ft with the superchargers otf 
various efficiencies. At lean cruising mixtures or high out 
puts, the tendency to detonate is frequently an important 
limitation either to efficiency or to output, respectively, and 
intake-pipe temperature is, together with mixture strength, 
a most important function influencing detonation. But it 
will be observed that if the supercharger is in the 80% 


See Engineering, Vol. 149, Jan. 5, 1940, pp. 1-4: “Load Tests of 


t 


4000-Kw Combustion Turbine Set,” by A. Stodola 

See ASME Transactions, Voi. 63, February, 1941, pp. 115-121 
(disc.) 122-123: ‘‘Combustion-Gas Turbine,” by J. T. Rettaliata. 

‘See Society of Naval Architects and Marine Engineers Transactions, 
Vol. 51, 1943, pp. 115-130 + (disc.) 131-155: ‘““Gas Turbine 2s Possible 
Marine Prime Mover,” by C. R. Soderberg and R. B. Smith. 

See Mechanical Engineering, Vol. 66, June, 1944, pp. 373-383: 
“Basic Gas-Turbine Plant and Some ot Its Variants,” by J. K. 
Salisbury 

® See Marine Engineering and Shipping Review, Vol. 49, May, 1944, 
pp. 169-17 June, 1944, pp. 189-192: ‘‘Combustion-Gas Turbine,” by 
F. K. Fischer and C. A. Meyer. 
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efficiency region, there is little further reduction jp 
pipe temperature to be had through supercharge 
improvement. From all these considerations, jt ; 
that if 80% efficiency is obtainable today in en 
chargers, the reward offered for further impr 
small that keeping down space and weight of ¢} 


f 
Ab 


charger probably yields a more desirable product 
On the other hand, referring to Fig. 2, rough ca! 
of overall air cycle thermal efficiency for a simp] 


n 
ple g 


OVement 


bine are presented, similar to calculations which hay, 


widely published on an unrestricted basis durir 


Ino th 
Ly 


three or four years.’ * 3: 4, ° § 

Compression ratios of the compressor componen 
and 8.0 are assumed, with inlet air temperature of 
three temperatures at the turbine: 1350 F, 15; 


1800 F. Burner efficiency is assumed at 100% and 


efficiency, 80%. The abscissa is compressor efficien 


the ordinate for each family of curves is a percentag 


| 


IThy 


y¢ 


of relative overall thermal efficiency, with 100% rep; 
ing the efficiency with the no-loss compressor. A s 
numerical air cycle thermal efficiency is also includ 


contrast to curve B of Fig. 1 for reciprocating engit 
return in overall thermal efficiency for an improv 
compressor efficiency above 80% is very valuabl 
nonreciprocating type of powerplant and is wort 
space or weight sacrifice. 

As a guide in discussing relative merits, it may 


in 


¥, an 





ful to list the major objectives of compressor laboratory 


in this country during the past few years. Specifical 
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en directed towatd the achievernent of: 
sher peak efficiencies for a given pressure ratio. 
Substantially higher pressure ratios at geod efficiencies 
Wider operating range in terms of velume ratio ove: 
portion of the efficiency curve. 
;. Higher volume rate of flow for given limiting overall 


ensions of compresser, given pressure ratio, and given 


Higher Efficienty 


‘esearch on improvement of centrifugal supercharger 
mance at Wright A¢rofiautical Corp. dates from 
1935, at which time a supercharger testing Ty was set up 
izing a 150-hp electrical dynamometer ‘for motoring 
power, the rig itself cotisisting of productitin-engine rear 
rankcases, engi ‘Hoses, and so on, cobbled together. 
|, and provided with special inlet and outlet 

39 the eqitipment was enhanced by acquisition 
lectric ‘mdtor; and in 1947 a 1000-hp, General 


Electr rine-type, geared steam ‘turbine was acquired 
t juipment operated continuously on a two-shift 
ba 944 ‘in an exceedingly ‘satisfactory manner and 
carr ivy at a lower load fattor. Fig. 3 is a view of 


irbine rig, looking down from the roof of the 
ind Fig. 4 shows ‘the control panel. Rx 

| inlet and outlet air valves to the super 
rger mntrolled from ‘this panel. The particular 
2 shows an axial inlet combined with a 
rine-type outlét collector case, but any type 
h, inlet-section*shape, or oudet-section shape 

s universal set-up. To facilitate fabrication, 

Mf special contour and number of openings 
le of wood in the pattern shop, but untor 
chnique is not feasible im the case of outlet 

of destructive air temperatures. Figs. 5, 6, 


1 number -ef sspecial research designs tested 


Octobe 945 


during the past few years, inefuding impellers, diffusers, 
and inlet sections. Whese are referred to later. 

Typical performance obtained at Wright Aeronautical 
Corp. is tepresemted by Fig. 8 and is plotted according to 





the NACA standard method of performance presentation 
For thts purpose, curves of pressure ratio versus volume 
are plotted ‘for a number of constant impeller tip speeds 
Superimposed on these are contour curves of adiabatic 
eficiency. The volume function, which is the abscissa, is 
expressed by two alternative scales — one in cubic feet per 
minute 'to indicate the order of capacity of the supercharger 
tested, and the other in cubic feet per minute divided by 
the square of the impeller diameter to provide a more 














m Fig. 4— Control panel of 1009-hp test rig 
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indicative basis of performance comparison between cen- 
trifugal superchargers of radically different size. Using 
the latter scale, two geometrically similar superchargers, 
one small and one large, should give the same performance 
curves, except for Reynolds number effects. 

The volume and the tip-speed parameters include the 
quantity: 

i | 


V 6 IT, abs. 


i 
520 





C 


a Fig. 6-A: slotted vane diffuser; B: cascaded airfoil diffuser; 


C: semivaneless diffuser 





a Fig. 5— Some of special impeller and diffuser parts tested — 40-removable-vane diffuser in foreground 
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This operation makes the chart apply not only for th 
inlet temperatures which prevailed on test, but also { 
other inlet temperature assumed. We call these param 
“equivalent” tip speed and “equivalent” volume, resp 
tively. 

Referring to the specific test data shown, it w 





iniet 


= Fig. 7-A: short dual inlet, unspiraled; B: short duc! i" 
spiraled 
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observed that efficiencies of over 80% have been obtained 
experimentally up to pressure ratios of 2.4:1, and 79‘/ is 
obtained to pressure ratios of 2.8:1. Even at 3.0:1, an 
eficiency of 77% was obtained. 

Fig. g is a photograph of the two-piece impeller and 
inducer which gave these results. It is 13 in. OD, with an 
Sin. inlet. The OD of the vaned diffuser is 20.5 in. and 
that of the uniform collector case, 25.0 in. The data were 
taken with the straight axial inlet and radial outlet stacks 
photographed in Fig. 3. Fig. 10 gives details of impeller 
and entrance bucket design and the method of laying out 
the passage. Similarly, Fig. 11 gives details of diffuser 
dimensions and the method of laying out these passages. 
Supplementing these drawings, a few explanatory remarks, 
though digressing from the main subject at hand, may be 
welcome to the designer who wishes to duplicate the 
e demonstrated above. Manifestly, though, it is 
to condense the findings of 10 years into four 





pertorma 
IMmpossibi-« 


Naracr 
paragra S 


The 


Ained 


ed to give the required pressure ratio is deter 
equations discussed subsequently. For the 

type shown in Fig. 10, the diameter of the 

not exceed 0.65 of the impeller OD. Further, 
oul meter should be so selected that the maximum 
= ring velocity, which is the resultant of the 
ide rotation and the axial airflow velocities, 


Octobe: 





1945 


= Fig. 8-Typical centrifugal compressor performanc2 chart — axial inlet and radial engine collector case 


does not exceed about 0.75 Mach number. Given the inlet 
flow volume, these restrictions, taken together, determine 
the impeller inlet size, OD, and rpm. The angles which 
the impeller entrance or inducer blades should make with 
the impeller face at various radii are readily calculated, but 
it is found in practice that those angles should be increased 
an additional 10 deg. A fairly generous radius of curvature 
of the inducer blades should be chosen, the dimensions 
shown in Fig. 10 being very successful. Note that thes 
approximate a parabolic curve of increasing rate of curva 
ture (contrary to usual airfoil practice). 

Of greatest importance is the control of cross-sectional 
area along the impeller passage. Fig. 10 indicates in detail 
the method of establishing the cross-sectional areas graphi 
cally, converting them to equivalent circles and then plot 
ting against path Jength the equivalent round cone thus 
produced. In the portion involving the oblique inducer 
buckets, their distance apart measured circumferentially at 
any radius from the axis must be multiplied by the sine of 
the angle which the blades make with the plane of the 
impeller at that point. This conception greatly reduces the 
calculated effective inlet passage area and, when it was 
applied to designs previous to the type described, revealed 
the very sudden expansion which took place in the rela 


tively short portion of the path through the curved buckets 
To counteract this expansion, the more successful desig: 


pie, 
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a Fig. 9- Impeller with specially designed inducer giving perp a 
ance of Fig. 8 










- 
. 
shown converges the hub and outer wall in this re. 6] 
very rapidly so as to maintain a nearly constan , P 
~ ay 


through the bucket section, and the area t! 


roughout th re 
rest ot the impeller passage is likewise held nearly copy : 
by continuing to converge these inner and outer 
Although the design shown is tor pressure ratios of 2:; 4 
area expansion through the impeller should be cut down, a 


zero or even made to converge slightly for higher pr 
ratio designs. 

Referring to Fig. 11 showing the diffuser design dey 
it will be observed that this method recognizes no thro, 
commonly assumed to exist normal to the path betwee; 
the leading tip of each vane and the midsection of 
adjacent vane lying outside of it, and supposed to repres 
the beginning of the diffuser. Laboratory pressure gra 
studies along the mean path, starting at the impeller 
have shown that fully half of the diffuser pressure ris 
frequently achieved before the air ever arrives at {hy 
assumed throat section, thus demonstrating that such , 
ception of diffuser design is insupportable. Although s 
not theoretically correct, consistent results are obtain 
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a Fig. 10—Design of impeller of typical centrifugal compressor 


SAE Journal (Transactions), Vol. 53, No. 10 














TOTAL IN 





CLUDED ANGLE OF EQUIVALENT CONE 

















lo IO at | /2%he DO ate BO ote GO a GO ae BO ioe —-+4 
| 
oe 4 | Ftaee eee Sere 
a a 
7 | Ty 4 
A F Q 
= —— 9.55 PATH LENGTH - _ =| 
3.4°1 AREA EXPANSION RATIO 
h st 9 VANE DIFFUSER 
‘ MEAN PATH|ARC WIOTH| VANE EFFECTIVE |MEAN PATH AXIAL AREA |EQuiv. Col PATH 
4 TION | RADIUS | 21 n) THICKNESS ARC WIDTH |ANGLE WITH) SIN O< wWiDTH |(2u7x Wx | RADIUS | LENGTH 
| ( 9 @-2t) | TANGENT sin o<) JA | | 
i - = 
R | w "7 ur o< w Sh oe ed a 
‘ oe a a aa —— - ae nih 4 
F 8.05 | 5.620 38 | 5.240 16° 30 .285 69 | 1.035 . 572 | 27 | 

















a Fig. | 1 -—Design of diffuser of — warn n compressor 


be assumed that the air which reaches two adjacent vane 
the same time travels approximately equal incre- 

ts along them in successive increments of time, and 
us sections of constant pressure are approximated by 
s joining corresponding stations, beginning with the 
ning two vane tips. The effective area of cach 
cross-section, then, is equal to the above described 
nes the sine of the mean angle which the two 
make with a concentric circle at the station 
for example, F-F sin a, Fig. 11). In the con- 

n vane case of Fig. 11, @ is the same for both 
passage, the term “mean angle” applying to 
eral case of vanes having varying thickness, 
found that @ is different on. the two sides 


¢ ¢ 


at 
nent 


r¢ 


of diffuser passage divergence may thus 


— 
so shaping the vanes as to increase slowly 
value sin @ as the air travels along the path. 

13) eSIg the diffuser, the cross-sectional areas of the 

He luced to equivalent circles’ of the same areas, 

| y these are plotted against path length to 

ri lent round diffuser cone. By trial and error, 
| ie be so shaped that this cone will fit any 

| ergence already decided upon by the de- 

. 1 shows in detail the best equivalent cone 
diffuser described, which, it will be seen, 

— total included angle of divergence of only 

i. y gradually increases its rate of divergence. 
ot ulation of one of the cone areas (at station 
n detail. 
a 45 








These design details and the above performance were 
submitted by Wright Aeronautical Corp. to all engine and 
supercharger manufacturers in this country, and to British 
representatives as well, in October, 1943. 

The performance shown in Fig. 8 is based on data taken 
according to the NACA standard supercharger test method 
which evaluates overall supercharger performance includ 
ing entrance and outlet collector in the system. If per- 
formance were based on the impeller and diffuser parts 
alone, from impeller inlet to diffuser outlet, the efficiency 
would be higher. This improvement is based on the exis- 
tence of diffuser outlet design velocities; 
case, these 


in the present 
are calculated to be from 135 to 205 fps. In the 
usual collector for a radial reciprocating engine as used in 
this test, all this velocity head leaving the diffuser is lost in 
going from diffuser to the collector, it being impractical to 
retain or convert this velocity in the radial-type induction 
If this velocity is retained in the system and there 
fore counted in efficiency the 
diffuser exit velocity, he 


system. 


the 
In 


therefore, 


determination, higher 


the kigher will be the efficiency. 
comparing centrifugal with axial performance, 
it is essential to apply this more optimistic efficiency defini- 


tion to the centrifugal, because it has already been applied 


to the axial machine, with resulting claims of high eff 
ciency. This procedure puts the two types on a common 
basis. 

Curve A (Fig. 12) shows the peak efficiencies for various 


equivalent tip speeds taken from test (Fig. 8), while curve 


B gives these values adjusted as just described to the same 


Ss 


basis as that used in presenting axial compressor efficienci 
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Now, it will have bees: voserved that the impeller under 
discussion is of the unshrouded type; that is, shrouded on 
only the one usual side. Tests on the effect of shrouding 
the impeller by a number of investigators (See Fig. 13 for 
research shroud tested at Wright Aeronautical Corp.) 
indicate that from 3 to 5 points of efficiency are forthcom- 
ing from double shrouding when unshrouded efficiencies 
are in the neighborhood of 70%. This gain should be less, 
of course, with higher initial efficiencies unshrouded. (For 
example, it would be ridiculous to retain the assumption 
of 3 to 5% gain from shrouding if the efficiency un- 
shrouded were hypothetically assumed at some such fic- 
titiously high value as 95%.) But few investigators, we 
think, would find fault with the assumption of an addi- 
tional 1% gain forthcoming in the neighborhood of 77 to 
83% efficiency unshrouded. It is true that the diminishing 
engine returns from efficiencies over 80% have not 
appeared worth the cost of overcoming the production 
problems of double shrouding impellers; but as higher 
efficiencies of compressors are demanded for steady-fiow 
applications, shrouding constitutes another ace up the sleeve 
of the centrifugal designer. 


If, now, we add this 1% improvement for shrouding as 
a second correction to the test efficiencies obtained and 
discussed above, we arrive at the uppermost efficiency 
curve, C, of Fig. 12, which it is believed represents eff- 
ciencies well within reach of the centrifugal designer and 


™See NACA Technical Memorandum No. 1073 (1944), “Axial Super 
chargers,” by A. Betz. Transleted from “Jahrbuch 1938 der deutschen 
Luftfahrtforschung,” pp. If 183-11 186 
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a Fig. 12 — Peak performance of single-stage centrifugal compressor 
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a Fig. 13 - Conven. 
tionol impeller with 
dural shroud = olu- 
minum brozed for 
research purposes 





converted to the same basis as that used in defining ax 
efficiency. As indicated by curve C, we have coming to u 
on this basis 84.5% at 800 fps equivalent tip speed, 83.5% 
at 1000, 81.5% at 1200, and 78% at 1350. 

Let us next examine such typical axial performance ass 
published on an unrestricted censorship basis. Fig. 14 i 
taken from a German publication of 1938 and shows the 
efficiency and pressure ratio, versus volume, for a (-stage 
4.9-in. rotor, 790 fps equivalent tip speed machine. Peak 
efficiencies of approximately 85%, or slightly better than 
those just demonstrated for recent centrifugals at the same 
pressure ratio, were achieved over a very short operating 
volume range. No doubt, expenditure of development tm 
more nearly comparable with that devoted to centriiuga 
will yield further efficiency improvements; in fact, it 1 
believed that some experimental progress along this lint 
has already been achieved, but whether this can be accom 
plished in a machine sufficiently rugged for production us 
is the major question interesting all designers today 


@ Higher Pressure Ratios 


The generality may be pointed out that centrifugals and 
axials are both subject to the same fundamental limitatio 
as to pressure ratio per stage: Energy is put into the ai 
only by accelerating it in the direction of rotation ot th 


machine. The higher the boost per stage, the higher 
rate of deflection. The classical aerodynamicist wou 
the same thing in terms of lift coefficient, and some * 


searchers do so treat axial-compressor study. But by «ite 
terminology, boundary-layer growth and sep: n 
tend to increase with increased boost per stage, with © 
sulting tendency toward lower efficiencies. Boost per sta 
is, of course, a relative quantity depending on | t 
of compressor is considered, axial-stage boosts being 10 £° 
eral much smaller than centrifugal-stage boosts. C 
gal-stage pressure ratios run between 1.5 and 3 highes 
efficiencies, while optimum axial pressure ratios Tu! 
No, 10 
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1.1 and 1.25. There have been enthusiastic advo- 
th overall pressure boost in a very few axial 
iting Mages. This may have some applications where high ca- 
me ded at ordinary efficiency. It would not appear 
rection to go if outstanding efficiency is the 


J piration behind axial-flow compressors is that 
eee ver of stages keeps down tangential accelera- 
. | uh lift coefficients) and high local Mach num- 
viding resultant increased boundary-layer sep- 
shock. This in turn offers the high overall 
sired while achieving high pressure ratios. 
Mpressor projects are directed ‘toward pres- 
ibstantially greater than the value of only 2.15 
ited in Fig. 14. 
ore, pertinent to investigate the overall effici- 
may be expected of two or more centrifugal 
es to achieve substantial pressure ratios. Even 
low from one stage to the next, the overall 
1 pair in series must fall a little below that of 
one. The air entering each successive stage 
this reduces the pressure ratia of these stages 
(age Bie Corres) ly, without reducing the work input into 
g r those not steeped in the subject, the fol- 
ation may be helpful: The pressure ratio 


by a stage is related to the impeller tip 


OWS: 
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np = Pressure coefficient, a constant less than 1.0, deter- 
mined experimentally (about 0.9 gua for the radial 
blade impellers discussed herein) 


q = Acceleration of gravity (32.17 ft nag sec? 


J = Mechanical equivalent of heat (778 ft-lb per Btu 


Cp = Specife heat of air at constant pressure 


0.242 
Btu per F per lb used) 


T, = Inlet air temperature (deg Rankine) 


= Ratio of constant pressure and constant volume 


> a 


specific heats (1.395 used, or 0.283) 


) = Expression in the brackets 


When all the left-hand values of the expression are as- 
sumed constant, it is evident that 7; Y is constant, and Y 
therefore decreases inversely as the inlet temperature T 
increases. Thus, as each successive stage operates on hotter 
inlet air its pressure ratio expressed in the form of the Y 
function declines, but the theoretical adiabatic temperature 
rise T, for the stage remains constant (assuming the same 
tip speeds in all stages). 

Now, adiabatic efficiency (or adiabatic temperature rise 
ratio) is the ratio of the isentropic temperature rise which 
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a Fig. 15 — Performance of multistage centrifugal compressor 











would theoretically accompany the pressure ratio actually 


obtained, over the temperature rise actually obtained. The 
expression for it is: 


” Daa 
+ id ies ee 
_ WN 5 
T:—T, TM -T, 

If, now, instead of applying this expression to stage efh- 
ciency, we use it for determining overall efficiency of a 
combination of stages in series, only the initial low inlet 
temperature 7; is used in the numerator but the overall 
Y value is lowered by the fact that the Y of each succes- 
sive stage is reduced. Thus, on an overall basis the numer- 
ator of the efficiency ratio, that is the overall isentropic tem- 
perature rise calculated on the basis of the initial air 
temperature of the system, does not increase quite in pro- 
portion to the number of stages assumed, but the denom- 
inator, or actual temperature rise, does. 


Nad 


Fig. 15 plots the overall efficiencies and root mean pres-- 
sure ratios per stage which would result by combining 
from two to six stages of the highest efficiency set forth by 
curve C of Fig. 12. A range of equivalent tip speeds is 
covered. The pressure ratio per stage should be squared, 
cubed, and so on, depending on the use of two, three, or 
more stages, respectively. The dashed lines facilitate select- 
ing the same pressure ratio for several staging combina- 
tions. Taking a desired pressure ratio (dashed lines) of 
6.0 as an example, this ratio may be obtained by two 
stages with an overall efficiency of 79%, while by resorting 
to three stages, 80% results. If, now, we go to extremes 
and use four stages to accomplish our result, we find the 
price too great, with efficiency fallen off to 79% again. 
The equivalent tip speeds required with these staging com- 
binations are 1225, 990, and 865 fps, respectively. This is 
simply an example, and the reader will find it interesting 
to apply other combinations of pressure ratio and number 
of stages or tip speed to the chart of Fig. 15. This chart 
is calculated for identical truetip speeds in all stages and 
an allowance for loss between stages. 


@ Wider Operating Range 


All researchers discover early that improvement in peak 
efficiency and the achievement of a broader region of the 
Operating portion of the efficiency curve plotted against 
volume are opposing objectives. Improvement in both at 
once has been achieved over the years, but these cases still 
constitute a compromise between the optima that could 
always be obtained toward either objective, unless control- 
lable component parts are incorporated in the machine. 
The further any component is perfected to meet the de- 
sign operating conditions, the less universal it becomes 
with respect to other operating conditions. 

In general, the low flow coefficient (low volume per 
rpm) designs have less critical efficiency curves than the 
high flow coefficient designs. This applies to both axial 
and centrifugal types. It is because at lower flow coeffi- 
cients a given per-cent reduction or increase in flow from 
its design value involves a smaller angular deviation in 
degrees with respect to the design angle of approach to- 
ward any component part. 

The axial compressor usually has a shorter range of efh- 
cient operation than the centrifugal compressor. Range 
may be defined as the ratio of that volume larger than de- 
sign value at which the efficiency is reduced 5 points from 
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difference in range is due to the fact that deflection of th 
air in an axial compressor is accomplished with cascade 
having more critical deflection or pressure rise variation 
with angle of attack. 

In centrifugal compressors, the two critical component 
with respect to range limitation are, in their order as po 
tential trouble makers: (a) the leading ends of the diffuse 
vanes and (b) the impeller entrance buckets. Analog 
to these in the axial compressor is the angle o! 
the entrance edges of rotor and stator blades. 


attack 


It has been found experimentally that there are a num 
ber of ways to modify the critical effect of centri! 
diffuser vanes. The first is to keep the number oi 
to a minimum consistent with meeting the peak efficiency 
requirement. This number is quite low, ther 
minishing returns for adding diffuser vanes bey: 
tain point. For example, Fig. 16 demonstrates the rig 
determined on the test rig with 9 and 18 vanes 
connection with a given impeller of 13 in. O! 
inner vane tip circle was 14 in. in diameter, and () 
vane tip circle was 20.5 in. Note that regarding cthc 
the 9-vane diffuser did not suffer, and the 
greatly improved. In the photo of Fig. § is in 
vane difluser so constructed that the numbc 
could be halved. successively down to 5 vane: 
removed entirely to simulate a vaneless design. 
mum number lay in the neighborhood of, 10 va 
12-in. impeller used. A very slight improvement in rang 
without loss in performance, was achieved exp 1tall§ 
by slotting the vane tips (Fig. 64), but carrying 
extreme by use of several rows of cascaded airiot 
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.B) proved disappoinung as to both range and 


Fig 
performance 
| nown that great range may frequently be 
entrifugal stage if a vaneless diffuser is used. 

ere ate tain applications (test-equipment blowers, 
{the like) where efficiency is secondary and this proce 
while, but for engine-supercharger use this 


it 15 well 


mievyCu 444 


ule ls ain . . . . 
ually costly in efficiency at the design operating 
-; ynless dimensions are permitted to’ exceed currently 
F .,ilished diametral limits. A compromise design or 


vaneless diffuser (shown in Fig. 6C) was built and 
| \ttempt to retain the advantages but not the 
seadvantages of the vaneless diffuser. It was disappoint- 
ax as to rage improvement at 1250 fps tip speed, but it 
., advantageous at supersonic tip speeds because it allows 
juction of Mach number before entering the 


ested IM all 


ipstantial I 


o 


- 


aned portion. 
in some cases, altering the diffuser is not the solution 
range improvement. At the impeller inlet the same 
srinciple applies as in the case of diffusers, the limitation 
~o range usually being on the high-capacity side. Fig. 17 
‘the results of testing with a vaneless diffuser an 
type bucket design impeller and the latest type of 
ith machined inducer designed for minimum 
lining up both root and tip in the design direc- 
a of approaching airflow and then controlling the effec- 
«area of passage going around the bend of the buckets 
ver Fig. 10). Note that despite the vaneless diffuser used, 
urve shows serious volume limitation, or “stone wall,” 
with the “improved” design buckets. This is another ex- 
of a component’s being perfected better to satisfy 
lesign operating condition and thereupon proying 
ritical elsewhere. 


snows the 


mpeluer W 


SMOCK DY 


those to whom wide volume range is paramount, 


the impeller and diffuser should be slightly mismatched; 
en peak efficiency is the primary goal, care must be ex- 
rcised to match these components to peak at the same 
olume flow 
\ partial way out of dilemmas resulting from critical 
ficiency curves is to have the stationary parts of either 
wal or centrifugal compressors controllable during opera- 


On centrifugal compressors, this has been done experi- 
nentally by shifting the diffuser vane angle, in which case 
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dicated in Fig. 11 must be so contoured as to give a fea 
sonably similar schedule of passage divergence in both 
their extreme positions. This results in vanes whose thick- 
ness varies throughout their length. The increased main- 
tenance and weight with many movable parfs is obvious. 
On axial compressors this principle may be applied by ad 
justing the stationary blades. The same comments about 
the maintenance and weight apply also but more severely 


@ Increased Volume for Given Size 


Confining our attention to any given class, that is, cen- 
trifugals only or axials only, previous remarks make it 
obvious that achieving an increased capacity for a given 
diametral dimension must be accompanied by higher 
relative velocities within the machine and by higher angles 
of approach to components, with respect to the direction 
of rotation. Fundamentally, therefore, this tends in the 
direction of increased residual velocity head and somewhat 
reduced operating range. 

With centrifugal compressors, this is a factor unfavor 
able for efficiency, yet it is in just this corner of the oper- 
ating field that the researcher has been obliged to raise 
his crop of efficiency and range contributions. Aircraft re 
quirements inherently limit overall dimensions allowed. 
For example, the volume flow capacity of radial-engine 
centrifugal superchargers has had to increase sixfold in 12 
years, with only very fractional increase in overall diameter 
and with but moderate increase in axial length of the su 
percharger. Some of the increase in capacity has been ac 
complished by increased speed; but had dynamic similarity 
with 1933 designs been allowed, diameters and lengths 
would still have had to be doubled today. It is on these 
very superchargers, unfavorably loaded, by old standards, 
that the high efficiencies reported have been demonstrated. 

With axial-flow stages, on the other hand, increasing the 
design flow coefficient or axial velocity component up to 
a point offers the increased capacity desired and, in addi 
tion, appears to make for reduced losses. This factor, 
which further greatly enhances the capacity for given dia 
metral dimensions, is usually taken advantage of in de 
sign despite the tendency, just pointed out, toward de 
creased operating range. 

Proper design of passage approaching the impeller inlet 
is vital to high capacity as well as to high efficiency, a 
direct axial inlet passage being the best in both respects. 
A dual, unspiraled inlet, shown in Fig. 74, though very 
short axially was found to be only negligibly inferior to 
an axial inlet. On the other hand, the double-scroll type 
of Fig. 7B, copied from the German BMW §8or inlet, gave 
inferior performance either with the impeller inlet blades 
bent or straight. 

Having now become better acquainted with a number 
of important advantages and limitations influencing per 
formance of the two types of compressor, we should set 
up a specific example to compare the relative dimensions 
of a centrifugal and an axial machine selected to achieve, 
roughly, the same objective. Referring to Fig. 15, we note 
that a pressure ratio of 6.0:1 and an efficiency of 79% is 
attainable using two 13-in. impellers in series, operating at 
an equivalent tip speed of 1220 fps. Reference to Fig. 8 
indicates that the design entering volume for the first stage 
for this condition is 5300 cfm. We will, therefore, ask that 
the axial compressor selected meet the same volume and 
pressure-ratio requirements. 
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The permissible blade Mach number at the inlet to an 
axial compressor is in the neighborhood of 0.7, and assum- 
ing an inlet temperature of 460 F absolute, this gives us a 
permissible entering velocity relative to the first rotating 
stage of 730"tps. Let us also specify that the radius ratio 
of root circle to tip circle be 0.7, that the angle of approach 
to the first stage be 45 deg. at the root of the blade,® that 
the rotor and stator blading be symmetrical in design,° 
and that the component of tangential velocity added and 
subtracted by rotor and stator, respectively, be one-fifth of 
the tip speed. 

For a very rough approximation of the dimensions re 
quired, the procedure is elementary. Knowing the rela 
uon of root and tip speeds, and that the axial and tangen- 
tial components of the entering relative velocity are equal 
at the root, their relation at the tip is readily determined, 
assuming the axial velocity constant. Then, given that 730 
tps relative velocity is the resultant of these components at 
the tip, the axial comes out 425 fps and tangential com- 
ponent, 600. Constructing a symmetrical velocity diagram 
per p. 375 of Reference 5, and bearing in mind that the 
tangential velocity added by the blade is assumed one-fifth 
of the tip speed, a tip speed of 1000 fps results. Knowing 
that root diameter is 0.7 tip diameter, the numerical diam 
eter values may readily be calculated as providing the an- 
nulus area which passes 5300 cfm at 425 fps. Tip diameter 
comes out 8*4 in., and blades are 1.3 in. high; rpm is 
26,200. 


Assuming a minimum permissible Reynolds number, 
based on the chord of the blade, of 300,000 at 20,000 ft, 
the blade chords must be approximately 1.4 in. in the 
earlier stages, which at 45-deg root angle take up approxi 
mately « in. of axial length each. Allowing, say, %-in. 
gap between blade rows, this amounts to 2.5-in. axial 
length per stage. Assuming a root mean pressure ratio 
per stage of 1.2, ten stages are required to achieve 6:1 
pressure ratio; thus, the blade section of the compressor 
is 25 in. long. Allowing an additional 5 in. for discharge 
scroll, this comes to approximately 30 in. overall length 
required, exclusive of bearings or bearing supports, and 
air inlet ducting. 

The two centrifugal impellers, being 3.5 in. long each, 
require a comparable overall length of only about 12 in., 
instead of 30, but the diameter of the centrifugal com 
pressor with its diffuser and collector is conversely much 
greater, namely, 25 in. instead of 8%. Its speed is a little 
lower, namely, 20,200, based on the 1150 true tip speed 
required with 460 F absolute. 


[t, now, we wish to compare these two types to give 
3:1 ratio instead of 6:1 (and passing the same volume), 
we can reduce the number of axial stages to six, shorten- 
ing the comparable overall length from 30 in. to 20. The 
centrifugal, now requiring only one stage, is reduced in 
length from 12 to 3.5 in. (still exclusive of bearings or 
bearing supports and inlet ducting in both cases). 

The overall! dimensions and other pertinent design 
values of the two types to do the jobs assumed may best 
be summarized by Table 1, bearing in mind that diameters 
and lengths are comparable but excluding bearings or 
bearing supports, inlet ducting, and external wall thick 
nesses. 

It will be observed that the shapes of the two types to 


*See NACA Technical Report No. $86 (1937), “Airfoil Section 
Characteristics as Affected by Variations of Reynolds Number,”’ by 
FE. N. Jacobs and A. Sherman. 
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do the Sani job are drasucally different. The Centritug 
. . a 
compressor is, very roughly, three times the diameter ang 


one-third as long. Thus, the relative merit rating whid 


Table 1 —- Comparison Summary 
Centrifugal versus Axial Dimensions 


Pressure ratio 6.0 3.0 
Volume flow cfm §300 
Type of compressor Centrifugal Axial Centritu yal Aria 
Number of stages 2 16 1 5 
Efficiency, % 73 ? 79 ’ 
Equivalent tip speed, fps ae 1000 1280 1000 
Rpm at 460F absolute inlet 

temperature 20,200 26,200 21,300 26,20 
Rotor diameter, in. 13 83, 13 'p 
OD, in. 25.0 834 25.0 Mi 
Length, in. 12 30 3.5 n° 
Geometrical volume, cu ii 3.42 1.04 1.0 0.7 























an engineer gives one particular type because of spe 
considerations is influenced largely by his all-imporay 
basic intentions for type and shape otf powerplant 4 , 
whole. From the standpoint of geometrical containg 
volume, the axial is much the smaller at high pressure 
ratios. 


® Conclusion 


The axial compressor will ultimately probably be usd 
in applications where compressor efficiency above 80% \ 
ata very high premium. More development time wil 
have to be spent, however, to bring it into line from th 
standpoint .ot operating range and light structural design 
successfully combined with ruggedness. 
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Discussion 


High Multistage Efficiencies 
Considered Difficult to Obtain 


—A. C. STALEY and 0. M. BORD 


Chrysler Corp. 
7 seems that the condition of go in. manifold pressure and 2 
ft on which the effect of supercharger efficiency is bas« 
ow, particularly for liquid-cooled engines. Manifold 
the order of 70 to 8o in. at altitudes of 30,000 to 40,000 t 
»nsideration 


e 


These conditions obviously necessitate 
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tani 
a) j 
dined 


“Ssure 





orp. 


evn 





is volume flow 


oace and weight requirements. ht is believed 


, eae eficiency is more important under these con- 
ve than tho: idered by the authors. 

” sated in the paper that ‘adiabatic efficiencies of the order of 
F ape .t compression ratios of 6 to 1 with multistage 
vo pon ors without intercooling. Multistage compressors 
‘ie been without intercooling have obtained their maxi 


ncy at compression ratios of the order of 2 to 3 
ficiencies at the higher ratios. It is believed that 
tion as to whether or not it is possible to combine 

tain the maximum efficiencies:of the individual 


» adiabatic 
yith lower 
me QU 


ieved that the author is somewhat optimistic in 
a umber of stages required in an axial compressor 
ee ssion ratio with 460 F absolute entrance tem- 
, obtain the high efficiencies that are potentially 
mpressors, the compression ratio per stage must 
would be required to give the performance sug- 
to avoid the losses that go with high Mach num- 
coefficients. 








al Compressor Seen as 
st for High Altitudes 


—R. L. SHEARER 


Allis-Chalmers Mfg. Co. 


iave briefly stated, the axial compressor development 
has been directed to applications requiring high compression 


hos to meet both the higher manifold pressures permitted by mod 
aviation fuels and the large increase of ceiling required for 

itary pla There is, however, a corollary requirement that the 
volur ncerease at the same time. This combination is met 
t advanta; ly by the axial type, as will be later shown by 
exami pic 

he excellence of the centrifugal performance reported is cor- 


ated by the fact that the impeller falls into the best specific 
this type and therefore produces maximum impeller 
For larger capacity machines the impeller proportions 
buld, therefore, remain very closely geometrically similar if opti- 
m performance is to be obtained. 


d range 





nvestigate the fields of application of axial and cen- 
ugal superchargers further, let us consider first of all a super- 
breer designed for 2600 cfm at a three-to-one pressure ratio, which 
1 20,000-ft elevation and a 4o in. of Hg absolute manifold pres- 
responds to an air weight of approximately 100 lb per min. 

fi ould be obtained with satisfactory performance 

xaling down the §300-cfm centrifugal design outlined in the 
hors’ tabulation. The 5300-cfm axial supercharger, however, 
id not be scaled down as readily to obtain the reduced capacity. 
er mechar reasons, it would appear impractical to reduce the 
liameter much below the 6%-in. diameter selected by the 


tn I re, at would be necessary either to reduce the blade 
Ries (reterred to the tangential) or to provide much shorter blades 
n theds tends to increase the blading losses and does 
juce the weight and space of the unit. 
i! supercharger therefore appears better suited for 
ww requirements. 
Nex ( sider a design for 9300 cfm at a 6 to 1 pressure 


io, Which, tor a 36,000-ft elevation and a manifold pressure of 


tH lute corresponds to approximately 210 lb per min 
acaling u 5300-cfm axial supercharger unit, the performance 
2 be d with a ro-stage unit having a tip diameter of 
proximal 5 in. and a drum diameter of 8 in. No additional 
gti would be required as the Reynolds number based on the blade 
ord 4 icighborhood of 200,000. This is appreciably above 
critical 4 ¢ of 80,000 to 100,000 cited by Ruden,’ and is in 
© with the values used in present axial compressor designs. Th« 
— ne for this design would be 1.81 cu ft, an increas: 
y NA chnical Memorandum No. 1062 (1944), “Investigations 
RIES Axial Fans,” by P. Ruden 
yctober, 1945 


\ gpoontuncally samilar centrtugal super vould have dimen 


Peblaryes 


sons as follows: 


Rotor diameter, in 17 
OD, in. 32.75 
Length, in 15.5 
Geometrical volume, cu ft 7.40 
Increase, © 116 


Phe increase in diameter and space requirements for this design 
put it at a disadvantage when compared with the axial flow design 

In order to keep down the diameter, one alternative might be t 
use a larger diameter inducer of approximately 10 in. diameter while 
maintaining the 13 in. rotor diameter. This would increase the 
problems of the inducer design and, judging from the writer's ex- 
perience in centrifugal blower design, would place the impeMer in a 
specific speed classification in which the optimum efficiency and 
pressure coefficient would probably not be obtained 

On the basis of the above comparison it appears that 

1. The axial is susceptible of application to increased head and 
capacity requirements, while the centrifugal will be at a disadvantag« 
for the same increased capacity requirements 

2. The weight of the centrifugal will increase faster, proportionally 
than that of the axial as the head and capacity are increased 

On this basis it would seem reasonable that the axial machine is 
uitable tor the higher altitude operation with engines of high horse 
power ratings, while the centrifugal will have its most advantageous 
held in the lower altitude operations where the lower specific vol 
umes tend to bring the centrifugal to its point of optimum physical 


and acrody nam yroportions 


Questions Efficiencies 
Obtained by Authors 


— RUDOLPH BIRMANN 


De Laval Steam Turbine Coa, 


a similar semishrouded one, a num- 
ber of investigators are, however, of the opinion that this applies 
only to impeller designs for which the efficiency falls within the 
There are theoretical considerations, 


Write it is generally admitted that a fully shrouded impeller 
gives better efficiency than 


poor or intermediate range 
supported by some test evidence, which indicate that in highly efh 
ient impellers this condition is actually reversed, and better efficiency 
an be obtained (at least within the lower and intermediate tup speed 
range) with semishrouded impellers. This applies also to axial-flow 
ompressors where the use of shrouding (combined even with end 
tightening of the type generally employed in reaction steam turbine 
iesign) has been shown to lower the efficiency 

In view of the toregoing, the shrouded impeller efhciency tor the 
higher efhiciency range represented by curve C of Fig. 12 would seem 
to be rather optimistic 
sumptions, results in the efficiencies of multistag« 


wressors as illustrated by Fig. 15 appearing to be rather optimist 


This, in combination with other optimistic as 
centrifugal com 


One of the aforementioned other optimistic assumptions deals with 
centrifuyal These 
osses are usually quite high, and make it difficult for the multistag 
centrifugal compressor to compete with th 
efficiency basis in view of the fact that the axial-flow type df com 


the interstage losses of multistage 


compressors 
axial-flow type on an 


pressor has no such interstage passages and iot, therefore, afflicted 
with interstage losses 

{t would further seem to be optimistic to assume that the efh 
iencies of all stages of a high-compression-ratio multistage centrifugal 


| 


ompressor having uniform impciler diameters are the same 


It is well-known that the overall efficiency of every multistage 
of the individual stages unless these 
ire 100% This is due to the so-called h 


ompressor is lower than those 


warming factor,” whi 


619 








is the eounterpart of the reheat factor in turbine desygn, wheire the 
overall multistage turbine efficiency is higher than those of the 


individual stages. The difference between the overall compressor 
efficiency and the individual-stage efficiencies becomes rapidly greater 
the poorer the stage efficiencies. In the case of the axial-flow com- 
pressor, the warming factor is close to unity due to the high in- 
dividual-stage efficiencies and the aforementioned absence of inter- 
stage losses, which contributes to the high overall efficiencies of this 
type of compressor 

In discussing the merits of the centrifugal type of compressor, the 
iuthors justly point out that one of the greatest advantages of this 
type is a much wider operating range as compared with its axial-flow 
competitor. 

The means discussed by the authors for obtaining good range 
deals exclusively with the diffuser design. There is an even more 
fertile approach to this problem which has the advantage of not 
sacrificing peak efficiency for the purpose of obtaining a wide operat- 
ing range, and this consists of providing for a “backwardly” dis 
charge in the impeller. In this type of impeller the discharge angle 
of the impeller vanes is not go deg as is the case with all impellers 
discussed and illustrated by the authors, but is considerably smaller 


By employing such a backwardly discharging impeller design, the 
Turbo Engineering Corp. has been able to combine wide range with 
excellent efficiency. 


This same design also represents a good solution for the problem 
of obtaining maximum air-handling ability of the impeller for a 
given size, which, as has been pointed out by the authors, has be- 
come a most important consideration in connection with the applica- 
tion of the centrifugal supercharger to modern high-power aircraft 
engines designed to develop full rated power at high altitudes. The 
air-handling ability of the type of supercharger impeller discussed by 
the authors is limited by the fact that under ideal operating conditions 
the impeller passages are only partially filled, which is probably the 
result of the rapid double deflection to which the air is subjected 
within the impeller entrance buckets in order to cause the air to 
rotate with the impeller, and then it is deflected the second time for 
the purpose of directing the airflow from axial into radial direction 
In the impellers manufactured by the Turbo Engineering Corp. no 
such double deflection occurs, but the air flows through the im- 
peller from the inlet to the discharge in an almost straight-line path. 
This promotes good flow through the impeller passages and a high 
degree of filling, with the result that substantially larger air-han- 
dling characteristics are obtained than are possible with conven- 
tional supercharger impellers. 


The paper points out that the performance of axial-flow com- 
pressors is evaluated differently than that of the centrifugal type. 
This is at least partly justified by the fact that in most aircraft 
applications the high leaving velocity of the axial-fow compressor 
(because its direction is axial) can be advantageously utilized and 
does not, therefore, represent a loss. In the case of the centrifugal 
compressor, on the other hand, the velocity leaving the diffuser 
vanes is substantially radial, which makes it difficult to be utilized 
and it is, therefore, generally lost in eddies in the collector 


In general, little issue can be taken with the conclusions arrived 
at by the authors. They could, however, be amplified, and it could 
be stated that the field where the centrifugal compressor for aircraft 
is supreme pertains to applications where the necessary pressure rise 
can be handled in a single stage, and where for intermediate or high 
compression ratios maximum possible efficiency of compression 1s 
hot necessary, and also where wide operating range is at a premium 
On the other hand, where higher compression ratios must be ob 
tained than can be achieved in a single-stage centrifugal compressor 
ind/or where the efficiency must be as high as possible, the axial- 
flow compressor has definite advantages, both in regard to efficiency 
and to weight and bulk. 


Authors’ Reply 
To Discussions 


R. SHEARER'’S painstaking comments, in which he has further 
taken the authors’ comparison study and varied the volume, are 
of interest and we concur. His conclusions appear further to confirm 
the authors’ findings as presented in the paper, which point out the 
advantage of the axial as to efficiency and size at high pressure ratios 





init) 


However, ict us be more quantitauve about our definition of bind. 
powers combined with higher altitudes. There are a very large ti 
ber of present production airplanes flying at over epee te as 
engines of capacity greater than 2000 hp. These are Pomme 
with centrifugal superchargers usually in the form 
first stage driven by an exhaust turbo and a secon 
engine geared to the crankshaft. This eombination 


all CQuippe 
ONsisting of , 
tage inside the 


5" ; ; he may not be a 
efficient as the ultimate attainable but it is doing the job. It ma be 
that when airplanes are produced with engines of © hp or over x 

. 9 r 
50,000 ft the axial compressor may find its place in the aero engin 





ompressor field. 


The axial compressor has one advantage not mentioned ip 
paper. This is the fact that, once designed into an e¢1 
flow and altitude, more stages can be added to the s 


altitude or MAP requirement is increased. 





unit if 


ame 


Mr. Birmann’s constructive criticism is appreciated 
view of his considerable experience in the design of centri 
pressors. On the question of the efficiency improvement dy. ; 
shrouding, the authors have already agreed with Mr. Birman; 
this improvement decreases as the basic unshrouded efficiency 
creases. It was for just this reason that the paper assumed : 
1% improvement on an 81% efficient supercharger based on tee 
data which indicated 5% improvement on a 70% efficient 
charger. Even if this 1% were not added, the overall efficiencies of 
multistage superchargers would not change appreciably from that of 
Fig. 15. 





We were aware of the necessity for keeping interstage 
mingmum and wish to add our voice to Mr. Birmann's 
out that this is a critical point in multistage centrifugal compres 
design not only as to pressure loss but also because of, possible ma W 
distribution of the flow entering the succeeding stage; which ¢ 
reduce the stage efficiency. However, the curves of* Fig. ‘is wer 
obtained using an interstage loss of 1 in. of Hg at desigr 
tip speed. This is pessimistic since two-stage installations exist y 
have less than 1.5 in. of Hg interstage loss including loss thr 
the intercooler and complicated ducts. 

It is possible that Mr. Birmann has overlooked our discussion 
the fact that the overall efficiency. of a multistage compre 
lower than the efficiency of the individual stage. The 
thermodynamic treatment of this point in, the paper is, we 
identical with that which would accompany the reheat factor ¢ 
ception. It is true that the effect of Mr. Birmann's warming fact 
is less per stage in the axial compressor because. of its higher 
efficiency, which in turn is due to the lower pressure boost; per 
However, for the same overall pressure ratio as the centrifugal c 
pressor, the number of axial compressor stages required is 
greater, so that the lower warming factor efficiency loss per 
must be multiplied by a greater number of stages. 

Mr. Birmanno mentions the backwardly discharging, nearly straig 
path type of impeller design. It is implied that in the case 
authors’ design the passages do not run full, whereas with th 
sign they do. Obviously, to achieve the test performance presented 
in the authors’ paper, unequalled by any other des 
demonstrated, the passages must have run full. Further, with re 
gard to higher boosts and valumes, given the requigement that 
two impeller types must impart the same tangential velo 
ponent to the air (equal pressure ratio), the authors see no reas 
to believe that tangential acceleration of the air and resultir 
dency to separate, will be appreciably different in one type than 
the other, for comparable overall impeller dimensions. 

Messrs. Staley and Borden point out that there is also a need 
connection with advanced reciprecating engine models for providing 
very much higher pressure ratios than the more normal examolt 
cited in the paper, implying that a single axial compressor may 0 
more suitable for this purpose. As far as space considerations at 
concerned they are probably correct, and this is consistent wit! 
analysis contained in the paper and in the authors’ reply to Mr 
Shearer's discussion. However, whether or not the very hignes 
compressor efficiency is worth while for such a purpose ts open ' 
question. Even at 100% supercharger efficiency’ the temperature ns 
of the air is high for such high pressure ‘ratios as ‘those cited ° 
Messrs. Staley and Borden and reduction of temperature by #t 
cooling ‘is, therefore, required in any event. The saving im ate 
cooler size and drag resulting from raising the efficiency of 8 
compressor five or ten points may not offset the disadvantagtow’ 
complexity and operating range characteristics involved in provici! 
such an efficiency. 





An 


tage 


3 








Reply to Messrs. Staley’s and Borden's comments multistage 
efficiencies has been covered by the authors’ reply to Mr. Bitman 
similar comments. “The remarks submitted’ on boost per stage © 
tainable with axial compressors are of value and are 
might again be pointed out, though, that the axial compressor § “ 
the early years of its laboratory. development life. 
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“BPOSTWAR INTERNAL-COMBUSTION ENGINES 


and THEIR FUELS 


and (2) to “digest” this fuel and air in such a way that we 
available 


that tl 


extract the greatest possible amount of heat energy 


in the time at our disposal and in such a way 


] 
waste products ot combustion are most readily eliminated 


[he point at which we can most conveniently make the 


first separation in an analysis of fuel requirements is at the 


point of ignition, and divide internal-combustion engines 


into two main divisions, the spark-ignition engine and the 
so-called diese] Or In the 


compression-ignition engine rirst 


a 1) 1. 
lass, fuel and air are usually mixed and conditioned dur 
ng their introduction into the cylinder and ignited by 


some auxiliary means, usually a high-tension electri 
he ignited by the 
of the hot air charge which has been 


spark. 


In the second class t fuel temperature 


T) 


‘ . 
previously drawn into 


the cylinder and heated to ignite the fuel by compression 
In 1941, in the United States alone, approximately 2! 
illion horsepower was developed fro1 


n spark-ignition e¢1 
The 


: ' 
but in 1941 produced some 12 million hors: 


gine sources. 
yet as large, 


compression-ignition engine field is not 


power, of which 25° was for marine use, 50% stationary 


or semimobile power generation, and 25% for trucks, tra 


tors, and railway engines. 





Fig. 1 shows classification which I have found the most 
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EVIEWED here by Mr. Rendel is the field of 

internal-combustion engines and their fuel 
requirements, together with the field of refinery 
operations as they will exist for the next few 
years. 


The author also discusses some of those prob- 
lems that both the engine and the petroleum in- 
dustries will have to settle cooperatively, such as 
the still troublesome detonation and its exact 
measurement, preignition, and the interpretation 
of laboratory ratings of octane numbers in terms 
of actual road performance. 
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useful basis from which to discuss the fuel requirements of 
the individual types. 

In this classification discussion I have, it would appear, 
left out that newest form of development which now 
arouses considerable interest among the engineering fra- 
ternity, the internal-combustion turbine. Pedantically speak- 
ing, I am inclined to think that this is a misnomer, and that 
the internal-combustion turbine is really an external-com- 
bustion turbine, but a turbine which uses the products of 
combustion directly, rather than through a medium such 
as water vapor. On the other hand, its problems are simi- 
lar to those of the compression-ignition engine with a 
separate combustion chamber, and I propose for the pur- 
poses of this paper, therefore, to consider its fuel require- 
ments in the latter class, although subsequent research may 
disprove this. 

Spark-Ignition Engine Fuel Requirements — Airplane 
Type -As would be expected, the fuel problems of the 
large-size airplane engine (a spark-ignition engine develop- 
ing approximately 0.5 to 0.9 hp per cu in. of cylinder dis- 
placement) have received a great deal of attention during 
the past few years, and, as mentioned above, can be con- 
veniently divided into two main parts, introduction and 
“digestion.” 

As to the first part, if we are to introduce the fuel into 
the multitude of combustion chambers of a modern aero 
engine as a reasonably even mixture of fuel and air, we 
require a fuel of relatively low boiling range, certainly not 
300 F for go% distilled. Some latitude, although 
how much is not certain, might be allowed if we injected 
the fuel into each cylinder individually. However, bearing 


above 
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in mind the difficulty of obtaining a homogeneous chag 
at the end of the compression stroke in the time and spa 
available and the wide variation in temperature conditi 
under which this type of engine is employed, not : 
latitude can be expected in this direction. 
making use of the inherent air swirl, particularly of 
valve engines, it should be possible to obtain some me 
of stratification, and thus work with a weaker mus 
strength; and this, I think, is where the us 
cylinder injection will score. 

For the second problem, if the fuel is to & 
smoothly at the high charge densities and hig! 
sion ratios which must be used in this particular 4 
tion, it also requires a fuel of very good antidetonatt 
characteristics (commonly measured in terms ot 
number). Since the destructive effect of detonation 
type of operation is such that it must be avoided at a 
if serious consequences directly affecting the satety 
operation are to be avoided. What can be done by « 
increased antidetonation characteristics is graphicall 
trated in Fig. 2. This figure shows the average inc! 
horsepower and decrease in specific fuel consump' 
the years and follows generally the rise in o 
of the fuel available. 

Now as we increase compression ratio and b 
to utilize to the full the increased antiknock 
of our fuels, we are liable to run into a new 
of preignition, that is, actual ignition of the f 
before the passage of the spark. From the 
rapid and serious damage to the engine, this dang 
far more serious one than the possible onset « 
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uels, preignition was often the sequal to 
detonation, but with present outputs, 
sines with somewhat fouled combustion 
on may be initiated without any prelim- 
So long as compression ratios and maxi- 
maintained within certain limits not 
red, in my personal opinion the danger 
s not yet sufficiently serious to warrant a 
fications limiting its quality in this re- 
ever, become a serious danger if advan- 
cher octane fuels to use high compression 
regard to proper engine design to elimi- 
ot spots, such as overheated spark plugs 
ition may be initiated. 
period in commercial aircraft we shall 
ler very seriously the important question 
q on other words, the minimum possible fuel 
the basis of a great deal of experimental 
Lj t © shown that basically the minimum 
mption in terms of indicated thermal 
1 to the net heat of combustion expressed 
1 and the compression ratio at which it 
) highest compression ratio we can usefully 
vith reliable operation is limited by the 
= and also by the onset of detonation or 
d above, preignition. 
i] rom data obtained by Ricardo) shows 
‘i \ maximum pressure rises at the higher 
; os compared with slight gains in thermal 
gards detonation, the relative effect of 
operating conditions, for instance inlet 
amount of cruising power required, on 
mit of the engine/aircraft combination 
engine compression ratio which can be 
complex to be shown in a single figure or 
iny detail here, and a great deal of flight 
toy onal g is still needed if we are to understand 
mud y. Furthermore, when we are confronted 
translating engine thermal efficiency into 
leet ‘ s of fuel per aircraft flight between two 
en | e must consider other factors not directly 
test bed data, such as arbitrary regulations 
load required for a given trip and which 
y easily rshadow possible differences in thermal 


n Engine Fuel Requirements — Automotive 
applia pe- | ject of fuel requirements for automotive 
nati ines has been dealt with very fully indeed in past years, 

t the postwar aspect, and a great deal of 
rystal gazing has been done by numerous 
uld, therefore, be presumptuous on my 
thing further to these discussions. For the 
general study it is sufficient to say that the 
ts essentials, the same as that of aircraft 

competitive marketing conditions prob 
reater part in setting the limits finally 


raft engine, we still have to distribute 
source a mixture of fuel and air to a 
ustion chambers, but owing to the smaller 
ger, lers and their miore compact arrangement, 
; neven distribution is considerably simpler; 

an take greater liberties with this point 

per ot t n overall operating costs is not so impor- 
t ‘ tly, we can use a fuel distilling up to 380 F 


No, vember 945 


— ‘) 
™ 
~ ; 
* ~ 
o PEC £ DNS TANE T —t 
° “+ 
~ 
— 
z 
4 
= 06} ‘ 
3 
v 
“N 
a 
ke 
Fs ~ 
R O¢ ' 
br 8 
a Y 
2 HE N > ATE 
4 a 
———F 
+ 
+) » 
TANE 1UMBER 


mn Fig. 2—Curves showing trend in improvement in performance 
with octane number and date-—octane-number scale adjusted 
comparable with approximate date of introduction 


for the go% evaporated, and in a few cases perhaps even 
higher. 

Again the problem of proper combustion is not so im 
portant as our charge densities are considerably less, and 
the destructive effects of detonation are not nearly so vital. 
The antidetonating characteristics of the fuel, that is, its 
octane number, need not, therefore, be as high, although 
competition has a tendency to increase them beyond actual 
technical requirements and much data have been obtained 
to emphasize this fact. 

Since cars are operated at part throttle the greater por 
tion of their time, high compression ratios and well ad 
vanced spark timing are necessary to obtain good economy. 
This means that proper means must be employed for 
ensuring proper spark timing at all speeds and throttle 
openings and, thus, the time of igniting the charge has 
become a critical factor in controlling detonation rather 
than charge density or fuel-air ratio as in the case of the 





aircraft engine. 
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ma Fig. 3—Rapid rise in maximum pressure at higher compression 
ratios compared with slight gain in thermal efficiency 
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a Fig. 4-—Average spark retard with standard distributor and 
accompanying loss of torque in 13 cars 


Fig. 4 illustrates rather well, I think, to what extent the 
various compromises made to avoid detonation, yet give 
good part-load economy, actually result in a loss of power 
at full load. This figure shows, with spark timing mech 
anism set to factory specifications, the average spark retard 
from that required for maximum torque and also the re 
sulting loss in engine torque when using a 70-octane fuel 
as compared with a fuel giving no knock under maximum 
torque conditions. It will be noted that the average stand 
ard distributor retards the spark 7 deg at low speeds and 
at high speeds 5 deg for maximum torque setting. This 
spark retard resulted in a 3% loss in torque at low speeds 
and less than 2% less at high speeds for 13 cars. 

Spark-Ignition Engine Fuel Requirements — Farm Trac 
tor Type —- Now in the engineer’s constant endeavor to 
lower his fuel costs, a class of spark-ignition engine has 
been developed which will operate on fuels of much higher 
boiling range than the two previous classes, that is, up to 
518 F for 95% distilled. As an added incentive to achieve 
this object, not only have the fuels been inherently cheaper 
than fuels in the gasoline range, but also in many cases 
they are free from tax. Basically speaking, the fuel re- 
quirement problem is exactly the same as in the other twe 
classes of engines, although in order to achieve this even 
fuel distribution with the higher boiling range fuels, con 
siderable heat has to be added to the fuel-air mixture in 
the manifold outside the cylinder in order to ensure a 
reasonable amount of evaporation and, hence, even dis 
tribution between the cylinders. Also, hydrocarbons of 
this particular boiling range are considerably more pron 
to detonation or uncontrolled combustion than their cousins 
in the lower boiling ranges and, it is, therefore, necessary 
to keep the compression ratios much lower and, hence, 
sacrifice considerably in efficiency. Furthermore, if we 
are not to be plagued with the problem of excessive engin« 
fouling by the products of half-complete combustion of 
the heavy ends, we shall have to sacrifice specific power 
output further, and ability to resist detonation by heating 
up the air intake charge beyond the needs of distribution 
efficiency. 


Obviously, if the tax and price situation did not enter 


into the’ picture, the engine designer would prefer to use 


gasoline-type hydrocarbons for this class of internal-com 
1 See SAE 


rransactions, Vol. 53, January, 1945, pp. 40-52 + (disc 
52-54 


“Fuel Requirements for Farm Tractors,” by A. T. Colwell. 


bustion engine and there is no good engi 


TING re 
except cost, for using this type of low-gra af ee j 
does not permit us to go further into th. tails + 
complex balance of various divergent fact fe. a 
further details, I would refer you to A. T. ( vell’s nar 
Compression-Ignition Engine- High-Speed Ty ‘i 
burn properly heavy fuels, that is, fuel ae hen 
350 and 7oo F in an internal-combustion e: “a Ng 
pression*ignition type is probably tar mor tab 


owing to a more thorough understanding of ¢ 
of combustion in this type of engine in 


year 

velopments have proceeded very rapidly. oduct 
the few years before the outbreak of war was rising ra 
; ng t 


In some fields this class of engine now bids fair ; 
very serious competitor to the spark-igniti 
gine; and its full requirements, therefore, dc 
careful consideration, as one of its main claims t 
is its ability to use a wide variety of so-called 
fuels. Should the compression-ignition engine 
ability to be omnivorous in its fuel and becor 

ist in its fuel consumption as is its spark-ignitior 
would lose more than half its attractiveness, 

since the manufacture of special fuels in tl 


he higher 


ranges is a far more expensive and compli 
than in the case of the lower boiling ranges used 
aviation-type, spark-ignition engine. 


Since we cannot hope to mix the fuel and 


prior to their introduction into the combust 
with these high boiling range fuels, our chief prol 


comes one of mixing the fuel and air wh 
in the itself and mpl 
combustion in an orderly manner in the short 
time. 


combustion chamber 
Fig. 5 shows a familiar pressure-time 
typical compression-ignition engine indicating 
stages of combustion into which it is convenient t 
it. The first stage of combustion is known as the 
period and should obviously be reduced to a minin 
order that we may have as much control as possible 
the other two stages. It is controlled largely by the ig 
quality of the fuel, and at present an ignition qualit 
50 cetane number is considered adequate for most 
speed diesel engines, and any increase above th 
does not appear to result in any appreciable gain 
formance or control of the rest of the combust 

It is also obvious that the fuel must complet 
by the time it reaches the walls of the combustion ct 
otherwise we shall get a sudden stoppage of the 
tion process and objectionable deposits of soot 
and asphaltic-like compounds in vital parts of the 
such as behind the piston rings and over the inj 
not to mention an extremely dirty exhaust, w! 
tain applications, will give rise to trouble wit 
health authorities. As far as the fuel is concer! 
ing clean combustion is very largely a function ot | 
ing range of the fuel, and in either separate o: 
of combustion chambers, a distillate fuel of not over 75 
final boiling point seems to be the limit to v 
go in high-speed engines, that is, mean pist 


1500 Ipm. 

Furthermore, in considering the heavier 
handling difficulties such 4s excessive viscosity 
temperatures must be taken into account, anc 
severely limit the application of this type engine 
airplanes and motor cars. As a matter of fact, 
clined to think that the inability of even a light as 
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cleanly and completely off a surface at 


fuel (0 Ve} ir Soe 
"al temper tures will prevent the application of high- 
sal decatle issenger cars, and possibly light airplanes, 
—— mpossible to keep them clean and free 

in oilt t film. 

eens. future, I think we can take it almost 
te of lution that the slow-speed engine must 
wi ally 9 lace to its higher-speed offspring, and just 
4 $0 witne the progress of the slow-speed steam en- 
, with al romance and unhurried dignity to the 
as speed steam turbine, which is no more romantic than 
, drain pipe, so are we now witnessing a similar develop- 
nant in the case of the internal-combustion engine in both 
~urk- and compression-ignition types. I shall deal with 
be ternal-combustion turbine in a moment, but first let 
ne say that in my humble opinion the high-speed, compres- 
cop-ignition reciprocating engine can still be made to run 


reat deal taster. 

Of course, before we can go far in increasing speed 
without overloading our bearings, we shall have to reduce 
our maximum pressures, and this will mean some reduc- 
ion in compression pressure. Both increased speed and 
reduced compression pressure may mean an increased ten- 

to make the engine more fuel sensitive either to 
tion quality, volatility, or some as yet unmeasured 
quality, such as rate of flame propagation. 

y own guess is, however, that apart from some tem- 
rary “alarums and excursions” in the early stages of the 
ment work, the petroleum industry will not be 
ed to make any marked increases in cetane number 
mbustion quality, in so far as this depends on the 
cal nature of the fuel. We may have to make slight 
ns in volatility, particularly when much low-load, 
nperature idling is required, coupled with instan- 

s response to a demand for full power. 

Internal-Combustion Turbines — While on the subject 
of high-speed, compression-ignition engines, I should like 
briefly the so-called internal-combustion turbine. 


Most of the developments on this particular type of engine 
are on the secret list, so it is impossible here to discuss them 
letail. However, it is my opinion that combustion 

ms of this engine are similar to those of the separate- 


type combustion-chamber, compression-ignition engine, and 
they can well be looked at in the same light even though 
rbines for one reason or another have been made 
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to run on gasoline. In both cases we have to circulate 
rapidly the minimum amount of air necessary for com 
plete combustion to every drop of fuel entering from the 
fuel nozzle and to burn it in the shortest possible space 
of time and in the smallest possible combustion chamber. 
Of necessity, some excess air will have to be used, par 
ticularly in the internal-combustion turbine in order to 
keep the exhaust gas temperatures down to a point where 
they will not harm the turbine blades. But the greater the 
amount of excess air, the greater the amount of energy 
required to introduce it into the combustion chamber and 
to move it around the combustion chamber, and, therefore, 
the smaller overall efficiency of our engine. Turbulence 
must be fully controlled and arranged to hit the spray of 
fuel from the fuel valve so that every particle of fuel has 
the necessary quantity of air to ensure its complete com 
bustion before it reaches the sides of the combustion cham 
ber or the outlet to the turbine blades. The main differ 
ence between combustion in the internal-combustion 
turbine and combustion in the compression-ignition, re 
ciprocating engine is the fact that in the turbine the 
combustion is continuous and takes place practically at 
constant pressure, whereas in the reciprocating, compres 
sion-ignition engine it is, of necessity, intermittent and 
combustion takes place more nearly at constant volume, 
and the flow of air and exhaust gases is reversed before 
and after combustion. The importance of these differences 
in terms of fuel requirements remains to be seen in the 
light of research now going on by the various interested 
parties. 

Compression-lgnition Engines-—Low and Medium 
Speeds — The fuel requirements of low- and medium-speed, 
compression-ignition engines are perhaps the easiest of all 
internal-combustion engine problems. On the other hand, 
of course, such engines are perhaps, in terms of space re 
quirements, weight per horsepower, and so on, the most 
unfavorable, and any developments which tend to make 
this type of engine a specialist in the type of fuel it con 
sumes would, I am afraid, result in its quick demise. The 
better it can consume the refinery’s waste paper basket, 
the more chance it has of successfully holding its own with 
its high-speed offspring. It is true that its overall thermal 
efficiency may be high, but its applications are limited, and 
at present they are used only in certain marine main en 
gines or for some stationary power generation, where spe- 
cial precautions can be taken to ease the fuel handling 
problem of heavy residual fuels. Generally speaking, its 
combustion problems are the same as for the high-speed 
type, except the significance of such items as cetane number 
are far less. There are, of course, limits to which we can 
go in boiling range, and this is normally determined by 
the Conradson carbon content of the fuel; about 1% is 
I think, a safe figure for most engines. 


; 


ll. Fuel Availability 


Practically all the three to four billion horsepower of 
internal-combustion engines in use in the United States, as 
well as several million horsepower developed outside the 
United States, has, and will continue, to rely on liquid 
fuels of petroleum origin for the main source of energy. 
Present crude production amounts to 4.7 million barrels 
a day, and although, of course, there is a limit, there ap- 
pears to be ample crude for many years to come. A small 


number of engines will undoubtedly use natural or arti- 


ficial gas in suitable locations, but as far as I can see, there 
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is little likelihood in the immediate future of internal 
combustion engines being able to consume solid fuels in 
powdered form, and the manufacture of liquid fuels from 
coal is, for the present, out of court on the charge of ex 
pense. No doubt those more familiar with the recovery of 
oil from shale or the conversion of coal to oil will be 
prepared to challenge me on this point, but I think my 
stand is substantially correct for a good many years to 
come as far as this country is concerned. 

The use of alcohol from farm products, from a phil 
osophical point of view, might appear to be an attractive 
proposition, since we would be using income energy, that 
is, energy as it is stored up by the sun, instead of capital 
energy, that is, energy which has been derived from the 
sun and stored underground many million of years ago. 
However, such fuel is not attractive at the present moment 
since it cannot be produced at anything like the cost of 
fuels produced from crude petroleum. Furthermore, the 
calorific value is only about two-thirds that of the normal 
yetroleum hydrocarbons of corresponding boiling range, 
and, consequently, in terms of Btu’s per gallon or per 
pound of fuel, we would take a double licking. 

Now apart from a few compression-ignition, low-speed 
type engines which are handy to crude petroleum sources 
such as pipeline pumping engines and some diesel-engined 
ships, crude petroleum as such is seldom used as an in 
ternal-combustion engine fuel and is far more efficiently 
used if it is subjected to some refining process. The mod 
ern refinery is a very complex organization, and changes 
made in one phase of its operations to produce a different 
quality or quantity of some particular type of fuel fre 
quently affect the quality or quantity of other types of 
fuel produced. 
planning fuel specifications that proper refinery balance is 
maintained. To illustrate this I have shown in Fig. 6 a 
modern refinery flow sheet which shows some of the 
many operations which go on. 


Great care, therefore, has to be used in 


For the purposes of the 
following discussion, however, we need only confine our- 
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processes in production and refining of a few of the most common petroleum produc 
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aes 


selves to crude distilling or topping plants a 

and catalytic cracking plants, and in the cas 
gasoline, the volatile recovery and process plant 
manufacture of hydrocarbons of specially | 


However, it should not bs 


characteristics. 
the necessity for producing other products 
the fuel picture, since it frequently gover 
crude which has to be processed, and het 
operation of the fuel-producing plants. 
Topping — The first operation to which cr 
jected in the refinery is a distillation whic! 
crude into fractions of various boiling rat 
mary products from this operation, as 
concerned, are wet gas, gasoline, naphtha, 
fuel oil, gas oil, and topped crude or re 
erally speaking, crudes which yield gasolin 
knock value yield kerosene and diesel fuels « 
value, and vice versa. Furthermore, ther« 
which yield straight-run gasoline in any q 
ficiently high antiknock value to be of real 
day requirements for spark-ignition engi! 
has to be made to the cracked gasoline t 
demand. Nevertheless, straight-run gasolin 
tane number is produced in sufficient quant 
valuable component of high-quality avi 
and the topping process produces large qua! 
volatile hydrocarbons, such as butane, wh 
per se owing to their vapor-locking tenden¢ 
when married to the light hydrocarbons 
cracking process in the alkylation plants 
high octane-number fuels for aviation engin: 
Cracking — Thermal cracking was the first cracking f! 
ess developed, and consists fundamentally I 
down hydrocarbons of high molecular weig 
ing them to a temperature of 900-1100 | 
ranging from 100 to 1000 psi. Gas, a distill 
be treated and distilled to make gasoline, 
and a heavy residuum, is produced thereby 
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"3 - .ot completely cracked in a single pass 


ing furnace, and, therefore, some of the 
passed through the furnace and further 





bed. I of fuel produced depends largely on 

crack litions used and on the nature of the 

rging s Broadly speaking, however, cracked gas- 

be has a antidetonating value or octane number 

nm the sti run gasoline from the same crude, but 

antide value is somewhat more sensitive to 

conditions, particularly temperature. 

cha stock frequently employed in thermal 

ts the topped crude or residuum, a fuel 

sch ay tisfactory as a general rule for internal- 

. bustior nes due to its high boiling range, and 

sequent difficulty of handling at normal temperatures. 

y octan yer, straight-run naphthas or high boiling 

lines ¢ o be used in a modified thermal cracking 

S bess k reforming to produce motor gasolines 
high q nd good resistance to detonation. 

: atalyt ‘ing, as its name implies, cracks distillat 

ls into gasoline at relatively moderate temperatures and 

-_ presence of catalysts which assist the crack 

vas first commercially used in 1936 and 

oduct crowtl that time has been extremely rapid. In 


king capacity in the United States was 
barrels per day and catalytic capacity 
} of 125,000 bbl per day. At the war’s end, 
a 7 will not be greatly changed; it may even 
lue to the obsolescence of some of the 
he catalytic capacity will have reached a 

k nod ,000 bbl per day. 
( ed by catalytic cracking is of somewhat 
thermally cracked gasoline in respect 
nd stability of octane number to engine 
present the majority of it is being used 
gasoline base stock and all of the in 
upacity of recent years has been built 
J Now, the installation of catalytic 
ring the war constitutes a major change 
s, and the exact manner in which thes¢ 
ve used after the war cannot now be 
Both thermal and catalytic cracking 
flexibility in operations, but any re 
ing conditions to improve gasolines for 
engines usually results in degrading th 


tor the compression-ignition engines. 
be used either to produce increased vol 
from the same amount of crude previ 
a decrease in production of both light 

ial fuels, or, if the same gasoline produc 


add additional light fuel at the expense 


which have not installed catalytic units 
yperate much as they did before the war. 
and, if it be shown essential that more 
be made available for the compression 
preference to the catalytically or ther 

g pr cl, the picture could be changed, provided 
reas lance was maintained or the demand for 
soline was such that it would be more 
it as charging stock for catalytic cracking 
ny intention here to predict quantities of 
likely to be available or changes in re 
but merely to show that within reason 
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changes can be made in fuel quality should it be shown 
necessary and economical to do so. 


lll. Cooperative Research Problems 


In many cases competition has far more effect on the 
quality of the fuel marketed, particularly in properties 
like octane number, than any technical requirement of 
the engine itself. However, any increase or decrease in 
quality of an internal-combustion engine fuel must have 
some technical justification regardless of competition, and 
it is, therefore, appropriate to look at the two halves of 
this picture for a moment and see if we can line up some 
problems which must be solved in order to marry the 
availability picture as given above with the fuel require 
ment picture as outlined broadly in the first part of this 
paper on a sound technological basis. 

Cooperative research with a view to making the most 
happy and durable marriage between internal-combustion 
engines and their fuels has had in this country a long and 
enviable record of success under the auspices of the So 
ciety of Automotive Engineers and the American Petroleun 
Institute, working through the Coordinating Fuels R« 
search Committee, better known perhaps as the CFR 
Committee. It might, therefore, not be out of place to 
wind up this rather broad discussion of engines and fuels 
by outlining some of the more obvious problems which 
appear to warrant the CFR Committee’s serious considera 
tion in order that the happy marriage may continue, and, 
[ hope, produce healthy children. 

In the spark-ignition engine field, both in aircraft ap 
plications and in automotive applications, the problem of 
detonation in its many forms is still with us. For aircraft 
engines, the principal problems with which we are now 
faced and with which I think we will continue to be faced 
for some years to come is (a) the improvement in our 
methods of measuring detonation so that they are mare 
exact or reproducible, and (b) how to interpret our labora 
tory ratings of antidetonation value in terms of actual 
Hight performance and the development of methods of 
analyzing the many interlocking factors which determine 


] 


| ° ) } 
the detonation limit of a particular aircraft-engine comb 


nation 


, ‘ : 1 , F oy 
(a) is vital at the moment and could well absorb the 


+ 


“ape 
whole of the engines of the aviation fuels division. Even 
slight increases in reproducibility between engines and 
laboratories can inctease the amount of high-octane gaso 


} 


line available to the military services by substantial 


amounts, perhaps as much as 5 to 10'% The reason for 
this is that high-octane blending agents, as they are called, 
re exceedingly precious these days, and by being able to 
measure octane number more exactly we can work more 
closely to our specification limits without the refiner having 
to leave such a large safety margin to ensure satisfactory 
gasoline in the aircraft tank. For the future civil aircraft 
picture, this is equally important since these high-octane 
blending agents are very expensive, so that when the stress 
is taken off availability and maximum production, it will 
still be important in order to save dollars and cents. 

(b) is also of considerable importance, particularly for 
postwar consideration so that we may have an accurate 
gage of the value of increasing octane numbers in terms 
of increased flight horsepower or flight fuel consumption, 
as this will enable us to balance the cost of increasing 
octane numbers with the benefits obtained from them in 


terms of decreased operating costs. 














The phenomenon of preignition also deserves serious 
attention by a cooperative group if we are to continue our 
engine de velopment program towards higher compression 
ratios and, hence, high efficiencies. Programs have already 
been initiated in some laboratories, and it is to be hoped 
when the preliminary work has established the proper 
field of endeavor a well-conceived cooperative test program 
will be undertaken. 

In the field of automotive application, the problem of 
how to interpret laboratory ratings of octane numbers in 
terms of actual road performance is also an important 
problem, as it is in aircraft, although with perhaps a 
somewhat different objective. In this case a great deal of 
information is already available on the basis of thermally 
cracked and straight-run gasolines but little in terms of 
catalytically cracked gasoline. Furthermore, the octane- 
number level at which this information is available is lower 
than the level which the best experts anticipate will hold 
after the war. Consequently, our first effort will largely 
be a sort of check test. After that it is possible that more 
radical engine designs will begin to take shape, and it will 
be necessary to determine, as in the case of aircraft engines, 
the “profitability” of increased antiknock characteristics, 
and under what conditions these antiknock characteristics 
should be most in evidence. It may well be that the result 
of these researches will bring forth a new method of rating 
fuels in the laboratory which is more directly indicative 
of their road performance. However, from what we know 
now, no one method will be sufficient for all new types of 
fuels under all possible operating conditions, and no one 
yardstick will ever be sufficient for the research engineers 
in both the petroleum and automotive industries. 

The problem of even fuel distribution will, of course, 
still be with us, but I am inclined to think that from a 
research standpoint little can be gained from cooperative 
research. It is true that the petroleum industry will wish 
to make use of somewhat higher boiling hydrocarbons for 
the spark-ignition engine, particularly in the aircraft field, 
than it is now doing. But before any useful accomplish 
ments can be made in this direction I think we shall have 
to wait on further mechanical developments by the engine 
industry in the field of fuel injection and possibly stratifi 
cation in the combustion chamber. The industry is familiar 
with the necessity for doing so and has, I imagine, several 
ideas as to how this could be carried out. The matter, 
therefore, seems to be one of education of the engine 
industry to carry forward their program rather than the 
initiation of a cooperative program. 

Similarly, in my opinion, the work on tractor fuels is 
largely one of educating the tax authorities to the need for 
uniform tax laws and for the engine industry to standardize 
its designs somewhat on the basis of the newly proposed 
classifications. 

In the field of compression-ignition engines there is a 
fruitful field in the investigation of the importance of 
ignition quality, or shall I say combustion quality. In the 
early days when the importance of ignition quality was 
first brought out, considerable stress was laid upon the 
importance of investigating ignition quality with a view 
to rendering it an unimportant factor in fuel specifications. 
To a large extent this objective has been achieved, and 
many of the more successful, high-speed, compression- 
ignition engines are not sensitive to ignition quality. Now, 
however, the time would appear to be ripe for increases 


in speed and decreases in compression rati: 
which must be improved if the progress of ; 
diesel is to be maintained, and it may well b 
quality or combustion quality is of greater 
speed is increased or compression ratio dec 
therefore, it would be well worth the time « 
tries to study this field cooperatively in the , 
and to see if, with higher speeds and lower 
ratios, the newer type of fuels, such as catalyt 
gas oils, do show combustion characteristics m; 
ferent from their prewar cousins. 


Furthermore, as I explained at the beginni ng 
paper, the combustion phenomena in the so-called inter, 
combustion turbine and high-speed diesel are substantia) 
the same, and the problems I propose can be readily ¢ 
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panded into an investigation of the importance of ignit 


quality and perhaps boiling range into the combustior 
hydrocarbons under very high air velocities in very sp 


space at moderate pressures. 


I do not mean to imply that the above suggestions are thy 


only ones which will require investigation by the CFf 


They are not, but they are perhaps the most importay 
ones which will require an extended program of care! 


laid out experimental work. 


It may also appear to so: 
that the number of projects I have suggested is smal 


comparison with the large organization of some 150 wor! 


ing groups now performing under the CFR. Howey 
my humble opinion we should do well to consider a 


tion program in the number of our cooperative 


soon as military requests permit, and concentrat« 
with the most promise of practical success in the tr 


of CFR, the cooperative development of methods of « 


ating in significant terms the performance of our | 
fuels in our postwar internal-combustion engines 
In conclusion, I should like to acknowledge my , 
thanks to all my colleagues in Shell Oil Co., Inc., 
help they have given me in generous measure in gett 
together the material and to the management of the 


pany for permission to publish this paper 


DISCUSSION 


Cetane Number of Diesel Fuels 
Expected to Advance Gradually 


Excerpts fror 


oN F. ati 


U. S. Naval Engineering Experiment Statics 


Write it could apparently be proved, particularly b 


refiners, that engine designers are practically solely 


for all the troubles and casualties occurring with dic 


well as for any improvements made, it is certain that bot 


design and one or more of the working fluids are gen 
in most troubles or improvements. 

A few paragraphs from a previous paper’ are illust 
1 See Diesel Power, Vol. 13, May, 1935, pp. 283-286 
acteristics of Diesel Fuel Oil,” by W. F. Joachim. 
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nt, particularly that of combustion: “History 
ver developments have usually progressed by 
ym the original conception of the engineering 


ee al, lasting progress has always depended upon 
Tee d development of the working fluids. 


is no exception. As long as diese! engines were 


size, were operated at low speeds, and used air 

- difficulty was encountered in obtaining good 

\ the advent of direct injection, higher engine 
P nders, and continuously expanding fields of varied 
-; with new requirements, however, more and 

Feylt been experienced in obtaining satisfactory com- 


. wer sount of work, time, and money has been spent 
tecel-eng lilders and others in recent years on the design, 
; ment of many different diesel engines, incorpo 


ie of ideas which, it was believed, would ensure 

aa at the speed and under the conditions of service 

2 M these efforts have resulted in some progress being 
rms of mechanical combustion control, but fre 

eng formance has not come up to expectations because 


vledge of the characteristics of diesel fuels, im- 
g failing to incorporate features required for good 
ise of fuels actually unsuited for the engines.” 


ents were true in 1935, and were still true five 
shown by the following excerpts of troubles 

1 c 9 

d by diesel fuels, taken from another paperé 


yn cause for complaints when using unsuitable 
it of excessive carbonization on the exhaust valves 
the piston rings. Unsuitable fuels may be either 
articular make of diesel engine but otherwise have 
_ or fuels which actually are unsuitable because 
ents of carbon, sulfur, or impurities. When such 
n diesel engines, excessive carbonization and wear 
with loss of efficiency, time, and money as a 


ittle trouble results from fuels, although, in 
hp engine had its parts so thoroughly 
a few hours after first starting that it could not be 

lor admitted his fault, replaced the fuel, and 


fter which no further difficulty was encountered. 


— ert 225 


m the Michigan field, which, while very fluid 
ght amber color, carries an unusual amount of gum or 
to cause sticking of the fuel pump plungers in a 

rhis difficulty, however, could readily be over- 
ntinent distillate into the pump for a few 
uuld wash off the lacquer and render the engine 
ng another 6 hr 





a lubricating oil, complained of as giving bearing 

at it contained 98.5% oil and 1.5% sludge. When 

1 completely by a 6000-rpm centrifuge, it vir- 

riginal state, showing a viscosity of 56 sec at 

n number of 0.13 mg KOH, no precipitation 

sidue of 0.10, and no ash content. However, an 

% sludge revealed that it contained 10.33% oxi- 

ympound), 8.8% iron oxide, 11.37% iron 

arbon (piston blowby), and that it had an acid 

vater. The examination of the fuel showed that the 

d by the 730 F end point and 37 cetane number, 

acid and iron sulfide was caused by the high sulfur 

n the fuel. When the fuel was changed to a 600 F 

ict with a low sulfur content of 0.25% and a 55 

the engine operating at 900 rpm), the bearing 

1 and the sludge condition was greatly reduced, 

inage periods were greatly extended.” 

led to meet the user’s specifications caused exces- 

valve sticking, which resulted in uncontrolled fuel 
cylinder heads, and loss of available power. 


instances, some causing very considerable trouble, 
reased engine maintenance, have occurred since, 
not appear necessary or proper to relate them now, 
W lefinitely that the fuel problem is still with us, even 
come a very long way in specifying and generally ir 

el fuels since about 1935-1936. 
to an opinion on the postwar development of diesel 


¢ in cetane number to keep pace with higher 
See ACK : 
seit % ansactions, Vol. 62, October, 1940, pp. 595-604: ‘Fuels 
Sh ¢s in Marine Transportation,” by W. F. Joachim and 
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engine speeds, to keep the maximum combustion pressures down, to 
lower fuel consumptions, and to ensure easier starting and warm 
in cold weather with minimum formation of fuel lacquers on vit 





engine parts, and less contamination of the engine lubricating oil. 

2. Development and use of cetane-number boosting dopes — or new 
effective refining processes — to increase the cetane number of diesel 
fuels, since: 

(1) This will be demanded by gradual engine development 

(2) This will be necessitated by gradual deterioration of the 
petroleum stocks from which diesel fuels are refined: 

(a) Greater production of higher octane gasolines wi 
leave lower ignition quality in the remaining gas oils. 

(b) Greater use of diesel fuels will probably require use of 
lower grade stocks to meet the quantity demand. 

Development and use of other dopes or inhibitors to control 
dangerous fuel carbon and lacquer formations on operating engine 
parts, since lower grade, naphthenic and cracked stocks cause at 
increase in such products 

4. Some additional fuel tailoring may be required; that is, distilla 
tion range, end points, pour points, carbon residue, sulfur content 
and so on, to improve combustion and starting, and decrease engine 
maintenance for the higher speed engines. 

5. Development of new laboratory tests and diesel fuel specifica 
tions to keep pace with all of the above, especially those covering the 
use of ignition quality and other dopes, and those for the control of 
carbon and lacquer forming characteristics 


Increase in Fuel Octane Number 


Seen as Dependent on Economics 
-W. M. Holaday 


Socony-Vacuum Oil Co., Inc. 


N economic struggle is constantly being waged in the petroleum 

industry, the demands outlined by Mr. Rendel for the automotive 
industry opposing the demands for a large volume of distillate fuel 
oils. In all refinery operations, a very fine balance is struck between 
price and volume of the three general classifications of products, 
namely, gasoline, distillate fuel oils, and residual oils. The economics 
are such that absolutely nothing can be discarded without upsetting 
the whole price structure around which the schedule is set up. 

Petroleum refining can be looked upon as an operation which 
readjusts the boiling range and other characteristics of crude od to 
satisfy the requirements of the type of equipment operated by the 
consumer. The simplest refining operation is that of distilling crude 
into products of different boiling ranges. Other schemes, such a 
cracking and synthesis, have been devised to enable the refiner t 
readjust boiling range and other quality considerations to satisfy the 
requirements of the end use in the best way 


Table 1 shows the average percentage yields of the products de 
rived, in one case, by simple distillation, and, in the second case, by 
modern refinery operations which include cracking, alkylation, and 
isomerization. It will be noted that in straight-run refining, only 
about 27% of the crude would be available as gasoline. The market 
demands for gasoline prior to the war were such as to require about 
44% of the crude as gasoline, the higher yield being brought about 
by readjustment of boiling range by cracking operation 


Table 1 — Average Yield of Products for United States 


e Simple Distillation Modern Refinery 
Straight-Run Rafining, % Straight-Run + Cracking, ¢ 

Gasoline 27 44 

Distillate Fuels 38 23 

Residual Fuels 27 21 
Lube Oils, Miscellaneous, 

and Losses 8 12 

100 100 


During the war, processing developments have centered around 
increasing the volume and octane number of those components going 
into aviation gasoline. Simple distillation in this field is quite inade 
quate, and more elaborate processing, such as catalytic cracking and 
alkylation, has been resorted to on a large scale. As the demand for 
aviation gasoline falls below the present level, these changes in refin- 
ing will result in the postwar motor fuel taking the form of a “‘cock- 
tail” blend. Whereas, prewar, the average product was half and half 
straight-run and thermally cracked, the postwar fuel will approach 
1/3 each of straight-run, thermally cracked, and catalytically cracked, 


concluded on page 647 


629 


: 
i 
: 
{ 
: 











OMPARATIVE cooling tests were conducted 

with two Ranger V-770 cylinders, one pro- 
vided with a conventional, steel-finned barrel, 
the other with an aluminum-finned barrel in which 
fins were milled from an aluminum muff inte- 
grally bonded to the steel liner. Both cylinders 
were provided with the same cast aluminum 


head. 


At rated horsepower and equal cooling con- 
ditions the average temperature of the alu- 
minum-finned barrel was 58 F lower than that 
of the steel-finned barrel. 


In order to maintain the same averace barrel 
temperature of 295 F, the aluminum-finned bar- 
rel required only 60°, of the cooling air mass 
flow, 40°/, of the baffle pressure drop, and 25%, 


of the cooling horsepower required by the steel- 
finned barrel. 


THE AUTHOR: MARCEL PIRY, as project engineer 
for Ranger Aircraft Engines, has been working on cooling 
problems and single cylinder engine development work there 
since 1942. In 1940, a year after coming to this country 
from his native France, Mr. Piry joined the experimental 
engineering department of the University of Minnesota, 
where remained for the next two years. An authority 

woled engines, Mr. Piry acquired his technical back- 
in France as engineer 
\ir Ministry. 


he 
mm aire 
ground 


an and pilot for the French 








UE to the improvements achieved in fuels and super- 

chargers during recent years, the output of aircraft 
engines per unit of displacement has considerably in- 
creased. The rate of heat to be evacuated from the cyl- 
inders in order to maintain the temperatures of mechanical 
parts, principally the pistons and cylinder liners within 
operating limits, has consequently been augmented; the 
increase is, in fact, almost directly proportional to the 
increase in power. Aircooled aircraft engines have already 
been provided with aluminum cylinder heads to reduce 
weight and at the same time provide more efficient cooling. 
However, cylinder barrels provided with steel fins are no 
longer capable of meeting the heat rejection requirements 
to maintain the pistons and cylinder liners within operating 
temperature limits at the powers feasible with aluminum 
cylinder heads and modern fuels. Therefore, barrel fin- 
nings must be made of a material having a thermal con- 
ductivity greater than that of steel. A process has been 
developed by the Al-Fin Corp., a subsidiary of the Fairchild 
Engine & Airplane Corp., to provide steel barrels with an 
integrally bonded aluminum muff in which fins are cut 
by a normal machining operation. An illustration of the 
finning obtained is shown in Fig. 1. Owing to the fact that 
little strength is required from the finning it is possible to 
use pure aluminum, the conductivity of which is much 
greater than that of any of its alloys. Aluminum-finned 
barrels used for this research were made by the Al-Fin 
process. 

3efore entering the discussion of the tests and of their 
results, let us analyze the method used to evaluate and 
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COOL 
ALUMIN 


by MARCEL PIRY 


Ranger Aircraft Engines 
Division of Fairchild Engine & Airplane Corp 


compare the cooling characteristics of aircooled ; 
engine cylinders. The following symbols are defined 


w = Width of the fins, in. 
s = Fin spacing, in. 
t = Fin thickness, in. 


Thermal conductivity of the fin materia 


for steel 2.17, for pure aluminum 10.5) 
D = Fin root diameter, in. 
AP = Actual drop of static pressure of cooling air 
loss in the exit of the baffles, in. of water (with no velocity 
of the baffles) 


AP, = Drop of static pressure corrected for densit 
the baffles (corrected static head), in. of water (AP 


AP pev/po = Drop of static pressure correcté 
change across the baffles, in. of water 
W = Total cooling air mass flow, lb per hr 
W, = Cylinder barrel cooling air mass flow, | 


W, = Cylinder head cooling air mass flow, |b per hi 


Pai = Actual cooling air density in front of th: 
per cu ft 

par = Actual cooling air density after the batfiles 
cu It 

Pav Average cooling air density, slugs pet 

po = Standard army air density at sea level, 0.002 

per cu ft 

To: = Actual cooling air temperature in front of tt 

To2 = Temperature of the cooling air leaving t 


Cp = Specific heat of the air at constant pressu 


H = Total heat rejection of the cylinder, Btu per hr 
H, = Cylinder barrel heat rejection, Btu per 
H, = Cylinder head heat rejection, Btu per hi 
HP. = Total cooling air horsepower, hp 
T, = Average barrel temperature, F 
T, = Average head temperature, F 


Aw = Cylinder wall surface area under the fi 
A, = Cooling air passage area between the fi | 
I = Indicated horsepower, hp 
U = Overall heat transfer coefficient of tl 
cylinder barrel, Btu per hr, sq in., F 
H, 
T, —T. 


1 


I 
Aw! 


q = Surface heat transfer coefficient of the { 
K = Orifice discharge coefficient between th« 
sionless 


‘ oh 
n ¢ 


The cooling air duct leading the air from the fan 
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large enough so that the air velocity in 

nder was below 8 fps and could, therefore. 

gle Under such conditions and for all practical 
g equation applies: 


OTT owi1n 


A> X (APpav)* Constant, 


yb il form of the Torricelli theorem except 
n is usually higher than 0.5, as shown by 

ind presented later in this paper. From 

be seen that the airflow through a 

ind its baffle (which define a given orifice 

i 0 1 function of APpgq,* and that this valuc 
fe otential of airflow. It follows that cooling 
ariables can be correlated against the 

corrected for density change across the 

However, this value does not define the 

cc Before comparing two cylinders at iden 
ig t onditions it is necessary to define what is 
D le cooling conditions. In this work (with 
! of the baffles) the cooling available was 

mperature of the cooling air ahead of the 

the drop of static pressure corrected for 

tne ba file S AP, also referred to as corre cted 


temperature ahead of the baffles and the 
ead were, therefore, maintained constant 
irison tests. The correction factor p,;/p 
a is believed accurate enough; the use of the 
factor would lead to tedious computations 
n accuracy. When the static pressure AP, 


pending on the cylinder and baffle design, 


nted at the SAE National Aeronautic Meeting 
y t », 1943.) 


after 


the presentation of this paper have indicated 
nder finnings are more closely related to the 
than the average air density through the baffle S, 
} ation is obtained by plotting airflows against 
“+ . \E Transactions, Vol. 53, Tuly 1945, pp 
‘ e Cooling Requirements,” by W. M. S ul 
1 “Single-Cylinder Engine, Hich-Altitude Cool 
I ry, presented at a meeting of the Buffalo Sectior 
New York, May 1, 194 
1 Report No. 488 (1934), “Heat Transfer from 
nto ers in an Air Stream,” by A. E. Biermann and 
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IHARACTERISTICS of STEEL- and 
NNED CYLINDER BARRELS 
for In-Line Aircooled Engines 


a given airflow and a given air temperature rise occurred 
through the baffles. It was only then that the corrected 
pressure drop AP px,/po could be computed. In order to 
make the data useful for extrapolation at high altitudes 
where the density change across the baffles is large owing 
to the high temperature rise of the cooling air, the varia 
tion of the cooling airflows and heat rejection factors versus 
AP pav/po* will also be presented. ' 
For cooling studies at sea level the plot of the cooling 
air mass flow W and the theoretical cooling horsepower 
HP., against the corrected static head AP,, together with 
the plots of the heat rejection factor H,/T, Tq against 
the cooling air mass flow or against APo9q,/9, will provide 
ample data to compare the cooling performance ot two 
cylinders. 
In 1934, the NACA! established a formula to compute 
the overall heat transfer coefficient of barrel finnings, U 
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m Fig. | —Cross-section of aluminum-finned cylinder barrel and 
microphotographic view (reduced from 250X) of Al-Fin bond be- 


tween the steel and the aluminum 
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n whicha = . i and w’ = w + 
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Tests conducted later on- have demonstrated that the 
formula is accurate enough for practical work. This was 
also substantiated by the tests reported herein during which 
the values of U measured agreed rather well with those 
computed by the foregoing formula for a corrected bafile 
pressure drop of 10 in. of water, as shown in the following 
table: 

U,computed _U, measured 
Steel-finned barrel 1.1 


5 1.00 
Aluminum-finned barrel 1.55 


1.60 


However, tests conducted by the NACA® have indicated 
that it is just as practical to compare cylinders on the basis 
of their heat rejection factor H,/T, — Ta and their cool- 
ing airflows versus the corrected baffle pressure drop. This 
method was adopted for the tests related in this paper and 
was supplemented by a plot of the airflows and cooling 
horsepower versus the corrected static head AP, to elimi- 
nate the effect of temperature rise through the fins and 
compare cylinders under equal cooling conditions ahead of 
the baftles. In addition to the runs required to obtain 
sufficient data for the compilation of the appended curves, 
the four following tests were conducted: 

1. At constant ihp and constant barrel temperature, de 


terms of air mass flow and static head AP,. 


power. 















3. At constant cooling conditions and constapy , 
barrel temperature, determination of the indicated | 
power possible with the cylinders. . 

4. Determination of the heat rejection as a fungis 
the indicated horsepower at constant average barg! 
perature and constant mixture temperature. 

During the four above-mentioned experiments, the 
ing air temperature, the mixture temperature, and th 
air ratio Were maintained constant. 


® Test Apparatus 


In order to make this study, a single-cylinder engi 
apparatus was set up and provided with the neces 
struments to control all operating ard cooling cond 
The test apparatus is represented by the schematic diy 
of Fig. 2 and the photograph of Fig. 3. 


> 


L 


A Ranger single-cylinder engine, built to receiy 
5 S P 5 . 
V-770-12 engine cylinder was used. In this engin 


crankcase is made of cast iron and the crankshaft js¢ 
three-throw type. The center crankpin is harnessed 
used only to balance the engine and for 
operation. 
The following is a list of the engine characteris 
Dimensions, bore and 
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stroke, in. 4X 5.125 
termination of the cooling requirements of the cylinders, in Displacement, cu in. 64 
Compression Ratio 6.5 
2. Measurements of the temperatures of the cylinders at Valve Timing [.O. 15 deg 
constant cooling conditions and constant indicated horse E.C. 20 deg A 
Spark Advance, deg 30 
VENT HEATER 
; = 
ais TEMP. 
Hae 
H INTAKE AIF 
' 
' 
| 
| SELECTOR Swi TCH piidienasiabeie 
_ 


GRAVITY | 
MEAD 


MERRIAM 
it INCL I NOME TER 


| 


























ils scabies Po oe 

| > GACE 
AIR TEMP. 
TS coirice 


men 
AP,H_0 ii CARBURETOR i i 


ty 
a a 














-——~ J 
Y 
a 
TEMPERATURE MEASUREMENT 
CNT 0 BLOwBY ¥ 
HG | Pecan 












































EVACUATION y — 
ond  - 






































F 
ae t.. a STACK Oo 

FULFLO FILTER A— 
s € —S 

SURG r 

= O , C | 
TANK EmP., OL Le a | l J 

, - — ~ 4 — 
I [7 tewe a, ote our ce: QO ay 
tye tc Lal — T Ss 
HEATER c*K "SE | R 
2 PRESS. | ENGINE | 3 ROLATO 
l 


a Fig. 2—Schematic diagram of test apparatus 
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a Fig. 4 (right) ~ 
Upper views: 
conventional, 
steel-finned cylin- 
der; lower views: 
conventional, alu- 
minum-finned cyl- 
inder 
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The cooling air temperature could be adjusted trom the 
atmospheric temperature up to 130 F. 

The cooling air duct was designed to blow on the engine 
perpendicularly to the axis of the crankshaft in order to 
reproduce the type of cooling existing with a 12-cyl, V-type 
engine. Due to the large dimensions of the cooling air 
duct, the velocity in front of the engine was low enough 
to be neglected (8 fps maximum) and the pressure type of 
cooling was thus realized. The air was discharged from 
the cooling duct through the baffles and was collected in a 
wooden duct where its final temperature was measured 

All temperatures were measured by means of iron 
constantan thermocouples and a Lewis potentiometer 
Cooling and induction airflows were measured by means 


of smooth-approach orifices. 


@ Material Tested 


Three cylinders (Figs. 4 and 5) of the Ranger V-77 





engine were tested. The first one was provided with a 























' 


conventional, steel-finned barrel, the second one with 


aluminum-finned barrel also of conventional design an 
the third one with a special, aluminum-finned barrel having 
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a Fig.5 — Specia! jes 
aluminum - finned - 
cylinder 








the fin width augmented on the upstream and downstream 
sides. 


The construction characteristics of these cylinders are 
given in Table 1. 


Table 1 — Construction Characteristics of Cylinders 


Conventional, Conventional, Special, 
Steel-Finned Aluminum-Finned Aluminum-Finned 
Barrel Barrel Barrel 
Number of fins 28 33 43 
Fin spacing s, in. 0.116 0.090 0.062 
Fin width w, in. 0.530 0.500 Front 0.908 
and Back 
Sides) 0.525 
Fin thickness t, in. 0.020 0.026 0.026 
Fin pitch, in, 0.136 0.116 0.088 
Fin tip diameter, in. 5.219 5.375 
Fin root diameter D, in. 4.160 4.375 4.325 
Cooling surface area A., 8q in. 490 560 1277 
Wall surface area A.», sq in. 48.5 48.5 48.5 
Air passage area A>, sq in. 3.45 3 2.8 
Steel wall thickness, in. 0.080 0.083 0.0950 
Aluminum wail thickness, in. 0.1045 0.0770 
Total wall thickness, in. 0.080 0.1875 0.1720 
U, Computed for AP pg »/ p= 
10 in. of water 1.15 1.58 


The cooling surface area A, is defined as that of the 
external surface exposed to the cooling air. It includes the 
fin plane surface plus the fin edge surface area plus the 
external wall surface area between the fins. 

The wall surface area Ay is considered as that of the 
internal wall surface area located under the finned part of 
the barrel. 


The air passage area Ap is defined as the minimum 
passage area available between the fins in the plane per- 
pendicular to the direction of the airflow. 

It must be pointed out that the conventional, aluminum- 
finned cylinder has more cooling surface area than the 
steel-finned barrel owing to the greater number of fins 
resulting from a smaller spacing. This accounted for ap 
proximately 10% of the improvement obtained with the 
aluminum-finned cylinder. 

Each cylinder was provided with thermocouples made of 
25-gage iron and constantan wires electrically welded by 
making contact of both ends with the bottom of a crucible 


containing a flux composed of six parts of cak . 

(Ca Fly) and one part of borax glass. (See | 
Thermocouples measuring barrel temp: 

pinned in the outside wall between the fins. Temp 

measured on aluminum-finned barrels were, there! 

of the layer of aluminum left over the steel. H 

previous experiments had shown that th 

tween temperatures measured in the steel a1 

minum layer was within the accuracy of instrumé 

namely 2 or 3 F. For this reason, it was beli 

all practical purpose, the temperature dro} 

bond could be neglected. This fact was { 

tiated by independent tests during which a h 

established through a bar composed of one s 


and one section of aluminum welded end t > 
Al-Fin process. The temperature gradients obta 2 
steel and in the aluminum have been plott : 
where it can be seen that the curve of the al . 
that of the steel meet at a common point at th 5 
the bond. This clearly evidenced the fact that : 
of work the drop of temperature through Bicone 
negligible. During the foregoing experiment | : 
rate through the bar was 230 Btu per hr per s : 
is approximately the rate of heat transfer occurt 2 








m Fig. 6— Thermocouple welding apparat 
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ider barrels at 80% of the rated power. 
ible to illustrate in Fig. 7 the tempera- 
ing through the aluminum muff and 
of an Al-Fin cylinder barrel. It can be 
yperature drop through the aluminum 
and that for practicability barrel tem- 
easured by pinning thermocouples in the 
between the fins. The temperature 

S steel liner is approximately r1 F. 
lers were tested according to the method 
ed. The test of the special, aluminum- 
limited to the determination of the heat 
T;, — To and cooling requirements at 


CONVENTIONAL STEEL FINNED CYLINDER 
CONVENTIONAL ALUMINUM FINNED CYL me@ER 


SPECIAL ALUMINUM FINNED CYLINDER 


tained the curves of Fig. 8 were com 
water baffle pressure drop the heat 
the conventional, aluminum-finned bar 
than that of the steel barrel; the special 
% above the conventional type. [t can t-—t--+ 
8 that the improvement obtained with 
ned cylinders over the steel-finned cyl- o| pojiit J 1 iiiit 
higher baffle pressure drops. CORRECTED OROP OF STATIC PRESSURE 
idicated horsepower (49 hp) and equal 
tio, cooling air temperature (100 F) and 


OPpov/pe IN 


8—-Variation of Fis/7' i with corrected drop of 


static pressure across cylinder A?’p,.p 





mixture temperature (180 F), the cooling requirements of 

the three cylinders to maintain an average barrel tempera 

ture (T,) of 295 F were determined and the results are 

given in Table 2. 

+ | | veat-FLow-rate It is interesting to notice that the barrel heat rejection 
ri RA ae wa factor H,/T» 


Tai required to maintain the average 
barrel temperature constant increases when the static head 
ey e r78 BTU/MOUR, Sam AP, required is decreased. This is due to the fact that both 
-—— ++ $+ head and barrel are subjected to the same head pressure 
| and, when the heat rejection of the head is decreased, that, 
of the barrel has to be slightly increasd to maintain th 
average barrel temperature. This is particularly noticeable 
with the special, aluminum-finned cylinder in which the 
a a | low heat rejection of the head calls for a high barrel heat 
108 | muse MALL THICKNESS rejection factor. Comparison curves of Figs. 8 and 9 show 
| that the heat rejection factor of cylinder heads is practically 
equal to that of the aluminum-finned barrels. 
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Table 2—Cooling Requirements 


TEMPERATURE 


Conventional Conventional Special! 
Steel-Finned Aluminum-Finned Aluminum-Finned 
Barre! Barrel Cylinder 


Average barre! temperature 
T, F 299 295 293 


~~ 


Average spark-plug tempera- 

ture F 490 
Corrected static head AP» in 

of water 7.6 
Cooling air temperature 
‘ } Tai F 100 
+o_| Corrected drop of static pres- 
i; sure AP pay! 6.9 
ane <n Se — — 0 in flow 
(ams 6382) ALUMINUM (2s) , 7 ee _ satan 


- 
TIVIT ° 
ITY 26 BTU/HR,FT2, AFT CONDUCTIVITY BOEnpRrTT * Flt 7 Head cooling air mass flow 
Ww 





| i i 





T 





4 | 4 4 4 
+ +—+—+—+—_ ++ +++ 
! 9 ! 2 3 7 
DISTANCE FROM JUNCTION, INCHES - — 
. A . B Head heat rejection H;, Btu 
rature gradient in |-in. diameter round bar com- per hr 


tion of steel and one section of aluminum welded Heat a, factor 


: : /T.—T'. 

end to end by AI-Fin process Barrel heat rejection Hf), Btu 
per hr 

ctrically and Heat rejection factor 


hb to 


b 
Barrel cooling air mass flow 
Ww 


21 
Tetal cooling horsepower 
HP 
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In Fig. 10 the variation of head and barrel cooling air 
flows has been plotted against the corrected baffle pressure 
drop in logarithmic coordinates. It can be seen that, as 
mentioned at the beginning of this paper, the exponent 1s 
always greater than the value of 0.5, which evidences the 
fact that airflows through cylinders do not follow exactly 
the Torricelli theorem. 

In Fig. 11 airflows and cooling horsepowers have been 
plotted against the corrected static head AP, in order to 
compare cylinders under equal conditions ahead of the 
baffles and within a small range of operating temperatures, 
as indicated at the top of the figure. This curve illustrates 
the difference in airflows existing between the three cyl 
inders tested when subjected to equal upstream conditions 


and is valid only for the range of cylinder temperatures 
indicated. 


No further experiments were performed with the special 
aluminum-finned barrel. 

With the same static head (AP, 19 in. of water) at 
equal ihp (49 hp), and equal fuel-air ratio (0.100), and 
with 100 F cooling air temperature, the average barrel 
temperature JT, and flange temperature of the two conven 
tional barrels were determined: 

\verage Barrel Tem 


perature T, (Exclu Average F] 


lange 
sive of Flange), F Temperature, | 
Conventional steel 


finned barrel 


299 217 
Conventional alumi 
num-finned barrel 241 295 
Difference 58 22 at rated indicated 


CONVENTIONAL STEEL FINNED CYLINDER 


a-—a SPECIAL ALUMINUM FINNED CYLINDER 


CONVENTIONAL ALUMINUM FINNED CYLINDER 





CONVENTIONAL STEEL FINNED CY 


LINDE® 


CONVENTIONAL ALUMINUM FINNED CrLWOEee 


5 . 2-2 SPECIAL ALUMINUM FINNED CYLINDER 


4 $ 6 789« 


RRECTED OROP OF STATIC PRESSURE aPpov/ps in # 


a Fig. 9-Variation of [,/7 


i with corrected dro; 


static pressure A?’ 


Pav/ P 


As will be discussed later in this paper, th 
figures indicate that the flange temperature al 
sufhice to estimate other temperatures in a barr 

With a static head AP, of 7.6 in. of water 


required to cool the conventional aluminum-finned 


wi 


horsepower, the 


output availa 
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INVENTIONAL STEEL-FINNED CYLINDER, Td VARIED FROM 295 TO 305°F 
Th VARIED FROM 400 TO 440°F 


ONVENTIONAL ALUMINUM -FINNED CYLINDER, Tb WAS MAINTAINED AT 295 *F 
Th VARIED FROM 485 TO 525° 

- Fig. it (right) tee SPECIAL ALUMINUM -FINNED CYLINDER, Tb VARIED FROM 250 TO 295 °F 

actasted of Th VARIED FROM 450 TO 525° F 

cooling air mass 

flow across cyl- 

inder and of 

cooling air horse- 

power with varia- 

tion of corrected 

static heat AP 

at normal oper- 

ating engine tem- 

peratures and at 

sea level 


w,L8s 


ow, 


a 
w” 
a 
z 
a 
a 
z 
4 


2 (below) 
ation of 
eiection to 
nq air with 1 1 , = 1 i = 
oe er di 5 2 25 3 354 Ss 6 898 
varia of indi- CORRECTED STATIC HEAD, APe,IN H,0 
} horsepower 


MINUM - FINNET 4 ‘ 
the conventional, steel-finned barrel was only 54% of the 
TEMPERATURE Tb MAINTAINED 4T 295 *F : 
Bn tithe Veneaat oe: th sainen Bann 400% rated indicated horsepower for the same average barrel 
AND MIXTURE TEMPERATURE , MAINTAINED C¢ temperature. This, however, does not mean that an in 
crease of power of 46% is made feasible by the use of th 
; ¢ - : 
aluminum-finned cylinder for many other factors such as 


head temperature, fuels and piston temperature are to b 
gop ge conside red. 


hese ate After completion of the comparison tests between cyl 


inders, a calibration test was conducted with the aluminum 
finned cylinder over a wide range of powers and speeds 
The average barrel temperature was maintained at 

and the cooling air temperature at 100 | The 

ratio was maintained at 100. The tollow: 


11 . . 
were established (See curves of Figs. 12 and 


LINOER BARREL. Hb Total heat rejection, H Constant * / 
SLOPE 6 Head heat rejection, H, Constant * / 
Sarrel heat rejection, Hy Constant / 

Total cooling air mass flow, VV Constant ] 

t sea leve 100 | 


Constants have not been determined because, in 
writer's opinion, their use is not advisable as the slightes 
error in the determination of the exponents would lead t 
inaccurate estimates. Exponents are only useful to extrapo 
late over a small range of powers when original test data 
are available. 
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CONVENTIONAL ALUMINUM-FINNED CYLINDER 
AVERAGE BARREL TEMPERATURE Tb, MAINTAINED AT 295°F 
AVERAGE CYLINDER HEAD TEMPERATURE VARIED FROM 485 TO 525 °F 
FUEL-AIR RATIO AND MIXTURE TEMPERATURE CONSTANT 
COOLING AIR TEMPERATURE MAINTAINED AT |100°F 
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m Fig. 13 —Variation of cooling requirements with variation of in- 
dicated horsepower at sea level 


With the data obtained during these tests, curves of Fig. 
14 were compiled to illustrate the difference in cooling 
requirements of the three cylinders with the understanding, 
of course, that cylinder heads will be allowed to operate at 
higher temperatures with Al-Fin cylinders than with steel- 
finned cylinders. 

The vertical gradient of temperature existing in the two 
conventional barrels, at constant indicated horsepower and 
19 in. of water corrected static head, is represented in Fig. 
15. It is interesting to note that the flange temperature 
does not vary as much as the finned part of the barrel from 
one cylinder to the other. This might be a manifestation 
of the fact that the piston temperature does not vary much 
with variations of temperatures of the finned part of the 
barrel where the piston velocity is high. 

Experiments performed on an automobile engine* have 
shown a very small variation of the piston temperature 
with large variation of the cooling water outlet tempera- 
ture. As the flange on both barrels was not provided with 
fins and no air passed over it, it is logical to assume that 
its temperature followed the variation of the pistan tem- 
perature and, consequently, did not vary as much as the 
temperature of the finned part of the cylinder wall. A fact 
also evidenced by the curves of Fig. 15 is that with an 
aluminum-finned barrel the flange temperature is not in- 
dicative of high temperatures in the upper level of the 
barrel. It would seem, therefore, that aluminum-finned 
cylinders could be allowed to operate at higher flange tem- 
peratures as long as the piston temperature does not become 
critical. Fig. 15 also shows that with both steel- and 


4See SAE Transactions, Vol. 48, January, 1941, pp. 20-27: “Instru- 
ment for Continuous Measurement of Piston Temperatures,” by A. F 
Underwood and A. A. Catlin 








aluminum-finned cylinders the temperatures of the », 
the barrel engaged inside the head are very hich 
explanation lies in the proximity of the top of the 
with the combustion chamber aggravated by the Door } 
transfer through the shrunk thread joint and, in th; 
by the reduction of cooling air passage area , 
wall thickness of the head. 

The presence of high temperatures at the top and ho 
of the barrel suggests that aircooled engines, radis| » 
in-line types, could be improved by providing more cq) 
in these regions, which are in fact those where the pigs 
stops. At the top, cooling is insufficient due | 
said reasons and no cooling exists at the level of 
which is bare of fins. If this feature is comm 
cylinders of both radial and in-line aircooled eng 
cooling characteristics are widely different and it 
interesting to point them out before terminating this p 

In a radial engine the piston thrusts (commonly ref 
to as “thrust” and “antithrust”) are applied on the adjace: 
sides of the cylinders in a direction perpendicular to 4 
airflow, whereas, in an in-line engine, piston thrusts » 
applied on the front and back of the cylinders i: 
parallel to the airflow. During the tests report 
has been observed that the regions where pisto1 
are applied receive more heat than the rest of th 
and that the thrust side receives more heat than th 
thrust side. For this reason baffles adequate for 
engines are very different in purpose and in design { 
those adequate for radial engines. With the forn 
tively fresh air is available to cool the thrust sides, y 
in the latter case one of the thrust sides has t 
with the preheated air at the end of the cooling 


ised 


COOLING AIR MASS F ww 
= 
= 
° 0 
1 2 
= ¢ - . sal 
x I 
= | 
> @ 
~< yi 
} 
y 
RARE E ATIC HEA 
4 
+ 
a + + 
} 
> 
ad am a 
z } 
E RCH F _INDICATEL RSEPDWER 
2 © 80 90 


Fig. 14—Compiled variation of cooling requirements with ' 
ation of indicated horsepower for three cylinders, at sea '”* 
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of the in-line engine can be overcome, 
table finning and baffles and is partly com- 
fact that less cooling is required at the 
vhere the finning can be reduced (keeping 
e between cylinders) in order to increase 
und to provide colder air for the down 

s also an accepted fact that baffles are not 
front of cylinders of radial engines and 
alone assures adequate coeling. In in-line 
ire usually required on the upstream side 
fferent depending on which of the piston 
ipplied there. In a V-type engine, for in- 
baffles must be more efficient on the bank 
inside the V than on the other bank on 
ist be made to limit coohing in front for 
the rear where the thrust is then applied. 
usually more difficult on this bank than 


feature of in-line aircooled engines is 
reducing the cooling airflow requirement, 
vious one of reducing drag. In order to 
itage of its small cross-sectional area, the 
must be provided with a small airscoop, 
ills for small airflows to maintain low air 
rscoop if a uniform pressure distribution 


to this work it can be stated that the use 
nned cylinder is capable of improving the 
ance of in-line as well as radial engines and 
beneficial in the in-line engine because of 
n cooling airflow obtained. For this reason 
its small frontal area interesting perform 
pected from the in-line aircooled engine in 
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# Fig. 16—Variation of cylinder temperatures with variation of 
cooling air temperature 7a; at constant actual drop of static 
pressure AP and at constant indicated horsepower 


During this investigation a special test was conducted 
with an aluminum-finned cylinder to study the variation 
of engine temperatures with variation of the cooling air 
temperature at constant baffle pressure drop. Although it 
is somewhat out of the scope of this paper, it has been 
thought worth while to present the results obtained. The 
power and the fuel-air ratio were maintained constant (49 
ihp at 3000 rpm, 0.100 fuel-air ratio). The uncorrected 
baffle pressure drop was maintained at 8.4 in. of water, 
thus the cooling mass flow was reduced when the cooling 
air temperature was raised. No air was flowing over the 
bare flange. From this test the following observations were 
made (See Fig. 16): 

1. The average barrel temperature T, (exclusive of the 
flange) varied 0.71 F 
temperature. 


with variations of the cooling air 


2. The maximum flange temperature (rear) varied only 
0.56 F per deg (F) with variation of the cooling ait 
temperature. 

3. The spark-plug temperature varied by 0.9 F per deg 
(F) with variation of the cooling air temperature. 
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HE engineer dealing with highly stressed machine ele 
ments is continually faced with the necessity for making 
estimates of strength trom a minimum of background 
upon which to base his judgment. He can sometimes rely 
on service records of similar parts, but often he must make 
the best first approximation he can by means of a theoreti- 


cal analysis, utilizing wherever possible laboratory tools to 





a work reported in the literature for 
the purpose of guiding the designer in in- 
terpreting his mathematical or experimental 
stress analysis in terms of fatigue strength is 
primarily based on tests of simple beam speci- 
mens rather than on the actual machine com- 
ponent as manufactured. 


Tests of the latter type in which it has been 
possible to make a direct check on the validity 
of laboratory stress measurements are reported 
by the authors, who draw conclusions as to the 
interpretation of the latter. 


The authors say that the results have given 
them greater confidence in the practical utility 
of laboratory test methods than would be justi- 
fied from conventional material strength ; 


FHE AUTHORS: CHARLES W. GADD has beer 
General Motors’ Research Laboratories Division 


since his 

ee -- P 
graduation from M.I.T. in 1937. He has been principally 
engaged in general I 


strength studies as 
development of 


1 with 
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engines and vehicles: ANDREW ZMUDA, 
who graduated from General Motors Institute and received 
his engineering degree from Wayne University, in 1941, 
is now associated with Research Laboratories Division 
GMC, participating in general experimental stress analysis 
N. A. OCHILTREE graduated from Purdue University 
in 1942, and since then has been engaged in experimental 


’ 


stress analysis and fatigue testing of engine components 
at GMC Research Laboratories. 





(This paper was presented at a meeting of the Western Michigan 
Section of the SAE, Muskegon, Mich., June 15, 1945 


aid his thinking. He may first of all consider the 

the part in question, and determine as closely as » 

by the use of mathematical or experimental stress ana 
methods the maximum values of localized stress engender : 
by irregularities in the shape. Then, assuming an e1 
ance strength for the material from which the part is 

he can make a first estimate of expected strength 
latter is then, of course, altered to take into consider 
other variables, as for example surface condition, 
stresses, and the like. 

A survey of the literature relating to the applica 
stress data to estimate strength, however, leaves 
doubt as to the accuracy with which this can bx 
because comparisons of the results of laboratory 
analysis studies with the fatigue strength of full-scale m 
chine elements are rare. Careful comparisons of th 
have, for the most part, been limited to studies of sp 
shapes, such as plain or notched rotating-beam spe 
and certain inconsistencies in the results from the 
have clouded their application to the appraisal 
complicated shapes. With the recent advent of accu! 
and rapid techniques of experimental stress analysis 
even more important that conclusions drawn through ' 
use are placed on as sound a basis as possible. 

For this reason the authors have over the past few 
endeavored to accumulate both stress analysis and 
tory fatigue test data from representative structura 
ponents (particularly from engines) in an 
Althoug! 
couragingly large proportion of studies of this kind « 
be carried far enough nor subjected to sufficient! 
control, it has, nevertheless, been possible to establi 
utility of stress analysis methods approximately. 

In each case reported here, brittle lacquer ai 
1 /16-in, strain gage measurements were employ 
stress concentration, after which a sufficient num> 
specimens were failed to establish an S-N diagr 
same type of loading. 


determine just how closely they agree. 


® Variables Affecting Strength 


The importance of variables other than stress 
tion due to irregularities in shape has been point 
numerous occasions. Obviously, the former can « 
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WS. A.S 7M. 1941: S.A. E. 4340, Heat Treated 
Low Alloy Stee/ Ht-50 “7 


fl Moore and Jordan: S.A.E 1020 
60 F S.A.E£. 2345, Heat Treated 


oL = A.S.T.M. 1942: S.A.E. 1020 
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S.A.E. 1035 ‘ 
S.A.E. X 4130 
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40- 
’ Will Fou/haber /O percent C. 
30 percent C. 
30+ 0./7 per cent C., 0.96 per cent Mn: 
0.35 per cent Cr., 0.60 per cent Cu. 
0.98 per cent C., 0./6 per cent Cu. 
20+ 0.35 per cent C., 0.20 per cent Cu. ~ 
0.77per cent Cr.,3.34 per cent Ni. 


Percentage of Endurance Limit of Lor 
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a Fig. | —Relative endurance limits of polished, rotating-beam specimens of various sizes (from 1942 
ASTM report’) 
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Critical Diameter of Specimen, in. 


a Fig. 2- Material comparison (from 1942 ASTM report’) - curve 
obtained by authors for SAE 4340 steel is superimposed 


this material is believed representative in its sensitivity to 
stress concentration of high-strength steels, it is not implied 
that agreement between theoretical and actual strength as 
found here applies to other materials, particularly to mild 
steels or to materials such as aluminum which are sub 
jected in service to cyclical loading higher into the plastic 
range. Additional correlation studies are needed for the 
latter, but a complete analysis to include them would be 
beyond the scope of a single paper. 

While maintaining close control over the above variables, 
which can be treated separately by the designer, the authors 
attempted on the other hand to encompass in this study the 
widest possible variation in the following: 

1. Shape. 

2. Range of stress. 

3. Ratio of principal stresses. 

Aircraft crankshafts and connecting rods, finished all 
over, were found to be best suited in these respects, and, 
furthermore, since more thorough and accurate tests had 
been conducted on these parts than on any others, they 
were made the subject of this analysis. 


® Basic Endurance Limit 


Once maximum stresses have been determined accu- 
rately for a given load distribution, an assumption must 


2See VDI-. 


veitschrift, Vol. 87, May 29, 1943, pp. 325-327: “‘Influence 
f Size Effect on Fatigue Strength,” by W. Buchmann. (See also 
bibliography included with this article.) 


3 See University of Illinois Engineering Experiment Station — Bulletin 
No. 334, Feb. 17, 1942: “Effect of Range of Stress on Fatigue Strength 
O. Smith 


of Metals,” by J. 
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be made as to the material endurance strength. 
ported in the literature on plain and notched ; 
specimens, as in Fig. 1, indicate a distinct 
variation in endurance strength with diameter of sp¢<... 
These tests show that the simple beam specimen in bent, 
is a consistent indicator of strength within the :,.. 
approximately 14- to 2-in. diameter but n 
diameters, which exhibit somewhat higher values. 7, 
conducted in Germany” show that this uniform 
approached in the larger sizes is actually the 
tension specimens, which they find uniform 


Tes 
Otating. 


SIZE effer 


t for « 


Streng, 


thr 
all sizes tested. (Incidentally, the same results we; 
tained from aluminum as from steel.) This points; 
the sharp subsurface stress gradient present only 


small diameter bending specimens as possibly tei, 
factor in fatigue strength. Other studies are also in props 
in an attempt to explain the size effect; regardless o 4 
explanation, however, the degree to which it may affex 4 
accuracy of analyses of actual machine elements cap gy} 
be determined by checking maximum stress in a variety, 
such pieces and comparing the expected with the ay 
strength. 





Basic endurance limit data for three specific mater 
(taken from ASTM data’) are shown in Fig. 2. Since; 
data were found for 4340 steel other than from the ince 
sistent range of specimen diameters below 4 in., addition 
tests were conducted by the authors on 1- and 2 in. 9% 
mens. The results of these tests (superimposed on Fiz, : 
were similar to those already reported for other ste 
showing a consistent endurance limit for specimen 
'4 in. diameter. 


™ Tests on Engine Components 


Test results from the engine components are illus 
in Figs. 3 and 4. The direction of the maximum pri 
stress at each critical point is shown by the s 
on the sketches. All fatigue failures initiated at the 
of the arrows, and at right angles to them. * 
compression loading on the connecting rods pr 
ures on the narrow top faces of the side flanges, at ' 
where they broaden out to meet the eye end, wi 5 
loaded torsionally the failures occurred very cli 
point but at the inner edge of the flange. 


, 
the 
ce ¢ 


Loading in all cases with the exception of connecting: 
A was equal and opposite, or “reversed” as is ord 
employed in testing rotating beams for establishing : 
rial endurance strength. Connecting rod A wast 
however, through a stress range extending further int 


compressive than into the tensile direction. At the « 
ance limit this range extended from —8o,000 t 


psi. In keeping with the effort made in this work to 
theoretical methods at present available to the designer," 
range was corrected to the equivalent equal and opp 
range by reference to a compilation of researc! 
effect of range of stress by Smith. 

Stress gradient below the surface varied, as shown 
cent to the specimen illustrations, from the case of 2! 
no gradient (for the connecting rod in tension-comp 
for example) to very sharp gradients present at poitl 
high localized concentration of stress. 


ress 


In the next column is tabulated the ratio of 
stresses at each critical point, as a means of expressifg “ 
biaxial or combined stress condition. The state of s" 
was obtained by rotating the short-gage-length exten" 
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Test Results 


schrift, Vol. 87, Oct. 2, 1943, pp 


r of angular positions at each point, to 
settes as illustrated, from which the prin- 
ld be calculated. Biaxial stresses varied at 
from biaxial tension through simple tension 
posite principal stresses, or the condition of 


lumn of Figs. 3 and 4 are tabulated the 
s for each case as found by measurement 
lized stress at the points of fatigue failure. 
limit is seen to vary within a range of be- 
id 70,000 psi for the engine components 


ifactured, as against an endurance limit of 
the larger sizes of conventional, beam-type 


cimens. This was felt to represent, for practi- 


eedings of Society for Experimental Stress Analysis, 
13, “Application of Stress Concentration Factors in 
Peterson. 


609-615: “Behavior 





cal purposes, good agreement between theoretical and actual 
strength, inasmuch as the surfaces at the points of maxi 
mum stress concentration of irregularly shaped manufac 
tured parts are not ordinarily as smooth as laboratory mate- 
rial test specimens and, in addition, forged steel parts such 
as those under consideration are apt to contain somewhat 
diagonal fiber. No attempt was made to analyze in detail 
such factors as these on the basis of only a limited amount 
of data; rather it is believed the results should be taken 
only as indicating that reasonably close estimates of the 
strength of complicated members can be made, without 
resorting to exhaustive analysis of such factors. 

Theories of Strength -Considerable attention has been 
devoted in the literature to various formulas for taking 
into account in a strength calculation the particular type 
of stress involved, when the latter is anything other than 
uniaxial tension and compression. In the work discussed 
above the shear or distortion energy theory was employed, 
inasmuch as careful tests of simple specimens* ® have dem- 
onstrated that this one most accurately predicts the strength 





























7 \ Subjected to Multiaxial Stress,” by W. Sawert. of ductile materials (such as steel). Knowing the two 
7 TYPE STRAIN ROSETTE 
OF SPECIMEN AND BRINELL ENDURANCE LIMIT ACCORDING TO 
nal PRINCIPAL STRESS | HARDNESS SHEAR ENERGY THEORY 
i RATIO (In Equivalent Stress) 
Fig 
SHAFT A +1 to +.3] 300 - 340 63,500 p.s.i. 
S | 
a“ APPROXIMATELY 300 - 340 68,000 p.sei. 
SAME AS ABOVE . 
; | . 
APPROXIMATELY 320 - 340 61,400 p.sei. 
SAME AS ABOVE 
(LOW GRADIENT) SHAFTS 
4 A& AND B, +1 to 300 - 340 67,000 p.S.i. 
wel? 
. POINT P 
P | SHAFTS 
4 4 a 5, 13% LOWER STRESS 
; : +1 to -1| 30 - 340 THAN POINT P 
| POINT Q NO FAILURES OCCURRED 
} = 
| 
SHAFT B, 6% LOWER STRESS 
| THAN POINT P; 
B POINT R OCCASIONAL FAILURE 
el Ps 
bHSION | (SHARP #1 to -0 | 300 - 340 
GRADIENT) 
g ( SIMPLE TENSION} 








ovembe 





























= Fig. 3- Summary of tests 


1945 


643 























TWP = STRAIN ROSETTE 
| PECIMEN AND BRINELL | ENDURANCE LIMIT accornir 
LOAD PRINCIPAL STRESS | HARDNESS SHEAR ENERGY Thzone” © 
RATIO (Im Equivalent st ress) 
——=—=—=—:= 
AXIAL 
LOAD CONNECTING 
1 #45,000 ROD A (SIMPLE TENSION)| 313 - 332 63,000 p.s.1. 
TO 
-80,000 
STRESS 
RANGE) 
CONNECTING | (SIKPLE TENSION) 342 - 372 70,000 p.s.1. 
TORSION ROD B 
1 AND 2 
sa ‘INCH 
BENDING DIAMETER (SIMPLE TENSLON)| 330 - 340 72,500 p.s.i. 
4 SPECIMENS 























m Fig. 4—Summary of tests 


STRESS IN 
THOUSANDS 
PREDICTED STRENGTH 


oe SHEAR MAX. MAX. 
SPECIMEN ENERGY STRESS SHEAI 
SHAFT A 
( Bending) 63,500 72,500 72, 500 
SHAFT B 
( Bending) 68,000 77,000 77,000 
SHAFT C 
(Bending) 61,400 69,000 69,000 
SHAFTS A & B 
(Torsion) 67,000 58,000 73,000 
CONNECTING ROD 
A (Axial) 63,000 63,000 63,000 
CONNECTING ROD 
B (Torsion) 70,000 70,000 70,000 
LARGE BEAM 
SPECIMENS 72,000 72,000 72,000 a : L 


CYCLES IN MILLIONS 
= Fig. 5- Comparison of theories of strength 
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10° 


high stress concentration 
=—_ ese low stress concentration 


= Fig. 6-S-N diagrams on actual stress basis (left) and on nominal stress basis (right) 


rincipal stresses ¢; and ¢2 at a point, the equivalent or 
fective stress according to this theory is calculated as 


ows 


> Vv g,?7 + 03" — a 92 


\ comparison of the application of this and other earlier 

theories of strength to the test results reported above is 

wn in Fig. 5. As seen from this comparison, the shear 

theory is superior to both the maximum stress 

heory and the simple shear theory, as measured by the 

nsistency of endurance limits calculated by the three 
ethods 

Strength Estimates for Limited Life —- Experimental stress 

ysis methods are most often used and are most reliable 
means of checking relative, rather than absolute 

gth, and the endurance limit, it is believed, provides 
itisfactory criterion for doing this. Estimates of absolute 
igth for limited life, which must occasionally be made, 
upt to be less accurate by virtue of the fact that con 
eration must be taken of the slope of the S-N diagram, 
vhich is a function of a number of variables. To illustrate 

‘, two such diagrams for specimens having a widely 

flering degree of stress concentration but loaded to the 
ame value of maximum localized stress are sketched at the 

It Of Fig, 6. 

[f nominal (calculated with no regard for stress concen- 
tration), rather than maximum localized stress were used 
he abscissa, as has often been done in the past, the two 
‘urves would appear to converge as shown at the right. 
‘his method of plotting, however, is misleading if one 
hinks in terms of maximum measured stress. 

sharp Notches ~ As irregularities in section become ex- 
remely sharp and stress concentration highly localized, 
leparture from agreement between theoretical analysis and 
‘atigue can be expected, as has been pointed out in the 
erature.” For example, extensometer measurements on 
‘ersize models of oil holes by the authors have shown that 
‘most the full theoretical stress concentration of 4:1 in 
‘orsion does exist, but fatigue tests reported in the literature 

derably smaller actual fatigue concentration. 


as t 


See 


TM Bulletin, No. 133, March, 1945, pp. 9-16: ‘Relation 
¢ Testing and Conventional Tests of Materials,” by R. E. 


between | 


Peterson 


November, | 945 


Thus, the conclusions drawn in this paper should not be 
expected to hold for theoretical studies of oil holes, splines, 
keyways, and the like. 


™@ Conclusions 


No high degree of finality is claimed for the results of 
the limited series of tests described here; it is hoped that 
additional data on a greater variety of machine elements 
can be accumulated in the future. The results already 
obtained, however, have given the authors greater confi 
dence in the practical utility of laboratory test methods 
than would have been warranted from tests of simple beam 
specimens alone. ‘ 

It is believed that in conducting a mathematical or 
experimental stress analysis of high-strength steel members, 
the following precautions should be taken: 

t. Assume an endurance strength based on the larger 
laboratory beam-type specimen or corrected to the larger 
size. Endurance limits based on specimen diameters of less 
than 4-in., such as Moore bars, are on the unsafe side. 

2. Take consideration of stress concentration to the 
fullest extent, or in other words, assume 100% 
sensitivity. 

3. Allow an additional factor to take account of the fact 
that what might be called normal, or par, for irregular 
manufactured parts is not as high as par for laboratory test 
specimens because of angular fiber, less smooth surfaces, or 
other unavoidable causes. This factor averaged approxi 
mately 10% in the above tests. 

4. Once normal strength for the member is estimated, 
consideration can be taken of possible deviations from this 
value. Steps can be taken to avoid deviations on the low 
side, such as might occur, for example, from residual 
stresses incurred during machining (see Fig. 7). On the 
other hand, endurance strength above normal may be 
achieved by the use of special surface treatments as shown 


in Fig. 8. 


notch 


Appendix 


The crankshaft stress measurements and the correspond 
ing fatigue tests were made by methods previously de 
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a Fig. 7- Effect of stress-relief tempering after machining (bend- 
ing fatigue load) 
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m Fig. 9—Bending fatigue strength 


scribed in other publications.» § Two typical S-N diagrams 
are shown in Figs. 9 and 10. The calculation of equivalent 
stress according to the shear energy theory was, for the 
bending endurance limit of Fig. 9, as follows: 


to principal stresses as determined by 

a (4,000 psi 
extensometer measurement at 

C2 23,000 psi 133 

nucleus of failure 


V «2 rT ¢G° 0; O2 


V (77,000)2 + (23,000 77,000) (23,000 


Te 68,000 psi 


7 See ASME Transactions (Journal of Applied Mechanics), Vol. 
March, 1942, pp. A-15-2 ‘Short-Gage-Length Extensometer and Its 
Application to Study of Crankshaft Stresses,” by C. W. Gadd and 
T. C. Van Degrift. 

8 See Proceedings of Socie for Experimental Stress Analysis, Vol 
2, No. 2, 1945, “Full-Scale Fatigue Testing of Crankshafts,”’ by C. W 


Gadd and N. A. Ochiltree 
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a Fig. || —Fixture for applying axial or eccentric | 


necting rod 


For the torsional endurance limit of Fig. 10 


Le ao ~ CARDBOARD 
V Ol Ap u—-— PISTON 
( 


o 58,000 psi ) principal stress, determin 
a 15,000 psi } for a nominal stress of 1 
Oe V o,2 4 O2* — G1 G2 

o. = V (58,000 24. (—15,000)2 — (58,000 
GC. 67.000 psi 
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umes sare . The axial connecting-rod stress measurements were made 
WEIGHTS in a loading jig as illustrated in Fig. 11, designed to main 
tain accurate control over eccentricity of load, and which 
applied loads through the piston and wrist pin normally 
used with the connecting rods. The corresponding fatigue 
tests were run in a large GM Research hydraulic fatigue 
testing machine which also accommodated the piston. Tor 
sional fatigue tests were run by a simple resonant method 
_ELECTRICAL illustrated in Fig. 12, in which the connecting rod was 
CONTACTOR clamped rigidly at the large end to a bed plate while 
a variable-speed motor carrying a rotating couple was 
clamped to the upper end, together with an extension arm 
and contactor for controlling the amplitude of torsional 

vibration at that end. 
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Postwar Engines and Fuels 


continued from page 629 


aterially to the antiknock quality. ment, the econon ind octan 
net effect of such developments on motor apparent, and I agree with Mr. Rendel th 
rized by stating that the antiknock quality that the Coordinating Fuel Research C 
k will be increased on the average by from make a thorough engineeris 
At such time as the civilian motor car pro- fuels and engines on an 

a reality, the octane-number level of motor urse, ild not be aj 

extent, upon the concentration of tetra- 

ler desires to see used in his equipment 

time of the adoption of the gasoline engine, 
and more gasoline with resulting smaller 

oils suitable for heating and diesel consump- 


j 
, aT 


ndications during recent years of the necessity ’ 
of the latter types of materials. The rise in Author S Reply 
el in railroad operations and the more wide- ° . 
in home heating are two more evident signs To Discussions 
lemands for higher octane-number ,gasoline in 
illate fuel oils in large volume are opposing | FIND mys 
1et only by the adoption of a greater variety of with the exception, | 
To satisfy the special requirements of the high- upward trend or the oct 
use becomes more widespread, it may become trolled by the te nical 
upon synthesis of light gases and solvent treating tries. I fear that cor 
al additives to improve the ignition quality of strong for them 
generally adopted, this scheme being comparable continued. 
aethyl lead in gasoline. It is expected that the In regard to Mr. Joachim’s remarks, 
more and more flexible as the demands for he cetane number of a diesel fuel nec 
yme more pronounced. n lo I agree that Mr. Joachim has enti 
that the extent to which the upward trend in ems to me that his argument i 
fuel continues should be given serious con- beyond that little justificat 
hnical men in the automotive and petroleum However, I an 
roblem appears to require a weighing of the cost of increase, and 
number against the resulting improvements in continue 
and performance. In the aviation field, particularly reneral effect of fuc 
nstop operation, it appears that the octane-number ll of 
considerably above existing levels. The additional 
ial processing that is required can be justified quite 
ilting increases in payload. In automotive equip- 
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OR a number of years the problem of aircraft propeller 

balancing has been shrouded in mystery. Propeller un- 
balance is often unjustly accused of being responsible for 
undue airplane vibration. An attempt will be made here to 
clarify some of the problems associated with the balancing 
of propellers and the airplane vibration which may be 
caused by propeller unbalance. 


|. Propeller Unbalance 
@ Types of Unbalance 


There are, in general, four types of propeller unbalance: 
mass force, mass moment, aerodynamic force, and aero- 
dynamic moment. 

Mass force unbalance is defined as that condition in 
which the center of gravity of the propeller does not lie 
upon the axis of rotation. This is the type of unbalance 
most commonly understood, and the type corrected for in 
ordinary, knife-edge balancing. The amount, generally 
expressed in ounce-inches, is equal to the weight of the 
propeller multiplied by the eccentricity of the center of 
gravity. In operation a force equal in pounds to 


ounce-inches unbalance __ ( 27 X propeller rpm ) 
16 X 386 : 


; x 60 


is applied through the propeller c.g. perpendicular to the 
axis of rotation, rotating with the propeller. 

Mass moment unbalance is defined as that condition in 
which the minor principal axis of inertia is not parallel to 
the axis of rotation. The particles of mass on one side of 
the propeller lie forward or rearward of corresponding 
particles on the opposite side of the propeller, so that even 
though the centrifugal forces are equal and opposite, an 
unbalance moment exists about an axis perpendicular to 
the axis of rotation which rotates with the propeller. The 
amount of unbalance, generally expressed in ounce-inches*, 
is equal to the product of inertia of the propeller relative 
to the axis of rotation and an axis perpendicular to it, 
selected in such a position as to make the product of inertia 
maximum. For a propeller this is equal to the moment of 
inertia about a diameter multiplied by the angle of tilt of 
the plane of the principal axes of inertia relative to a plane 
perpendicular to the axis of rotation. In operation the 


{This paper was presented at a meeting of the Metropolitan Section 
of the SAE, New York City, April 5, 1945.] 
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moment applied to the propeller shaft is equal in poun 
inches to 


ounce-inches? unbalance _ ( 2x X propeller rpm ) 
Ber ants trina oe a 9 Bel 
16 X 386 60 


Aerodynamic force unbalance is defined as that condi 
in which the torque forces on the individual blades 
unequal, causing a resultant force to exist, similar t 
caused by mass force unbalance, perpendicular to the 
of rotation rotating with the propeller. The amo 
unbalance may be expressed in deviation between blad 
angles, in degrees, or more conveniently in ounce-inct 
equivalent mass force unbalance. 

Aerodynamic moment unbalance is defined as tha 
dition in which the moments of the thrust forces on : 
individual blades about the center of rotation are une 
giving rise to a resultant moment, similar to that caused 
mass moment unbalance, about an axis perpendic 
the axis of rotation rotating with the propeller 
amount of unbalance may be expressed in deviat 
tween blade angles, in degrees, or more convenient 
ounce-inches” equivalent mass moment unbalance 


@ Amount in Typical Propellers 


Hamilton Standard has accumulated sufficient dat 
dural propellers to ¢stimate the amounts of each typ: 
unbalance to be expected in typical cases. Considerad 
data have been accumulated on propellers of the 1 
diameter, 1600-hp class, which may be extrapolated wit 
reasonable limits to propellers of all sizes. For a propeiit' 
in this class weighing 396 lb with 1260 |b-ft* polar mome! 
of inertia, typical mass unbalances would be 15 02-in. ‘or 
and 700 oz-in.2 moment. Typical aerodynamic unbalane 
on all sizes of propellers would be 0.4 deg, which on 
propeller would amount to 12.3 oz-in. force and 45° 02 
moment unbalance. The aerodynamic moment unbalat 
is greatly affected by centrifugal force, which ten¢ 
straighten out a blade bent forward under aerodyna® 
loading and reduce the effective moment of the 2¢ 
dynamic forces. In a typical case this would reduce 
moment 30%. This is taken into account in 
figure. 


For purposes of extrapolation it is assumed that ' 
expected mass force unbalance will be proportion: to 
peller weight; mass moment unbalance, to polar mome 
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BALANCING PROBLEMS 


by STANLEY G. BEST 


Assistant Project Engineer 
Hamilton Standard Propellers Division 
United Aircraft Corp. 


dynamic force unbalance, to | br? sin 6d) 


moment unbalance, to [ ors cos @ 


lord width, ? 


lius at tip and 6 


distance from center, 

: blade angle. 
ssions for aerodynamic unbalance are based 
nsional aerodynamic theory, assuming zero 
and, while not absolutely accurate, should 
omparative purposes. In specific cases, accu 
unbalance have been calculated using the 
three-dimensional theory. While it is real 
above extrapolations may not accurately be 
spect to any one parameter, take-off horse 
x has been found to be a convenient and reason 
parameter for general comparisons, bearing 
ndividual cases may deviate considerably 
ited values. In Figs. 1 and 2 curves are 
il values of the four types of unbalance to 
function of take-off horsepower rating 
umber of actual installations. It is seen that, 
g rodynamic force unbalance is less than mass 
for small propellers but becomes mor 
larger propellers, being greater than the mass 
ince above the 2250-hp class. Aerodynami 
valance is less important than mass moment 

ept in very small propellers. 
gh the available data with respect to steel or wood 
limited, it would be expected that they would 
as ass unbalance due to their lighter construction 
. dynamic unbalance because of the greater 
naintaining accurate blade angles. Changes 
in 


n service due to warpage would be an 


plication in the case of wood propellers 


# Contributing Factors 
Unbalance — The main factors contribut 
torce unbalance are cone eccentricity, con 
eller shaft eccentricity, propeller shaft unbal 
mn of the propeller under centrifugal loading, 
p individual parts which are in balance at one 
but change relative position with blade angle 
Na 
Y 
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(including the blades themselves), nonsymmetrical distri 


bution of oil in some types of operating mechanism, and 
| 
error in knife-edge balancing of the assembled propeller 


Since the c.g. of the propeller usually lies very close to 


the front cone, the eccentricity of the rear cone is of little 


importance in determining mass force unbalance, while 


that of the front cone is of major importance. Tolerances 


are not logically selected in this respect, since 0.001 


runout is allowed on the rear cone and 0.002 in. on th 


front cone. The front cone runout tolerance is excessively 


} 
large, permitting 0.002 x 16 x 396 12.7 oz-in. unbalance 


in a 396-lb propeller. The c.g. may be eccentric by the full 


i 


runout because the same front cones are used in balancing 


as on final installation, and they may be indexed 180 deg 


relative to the propeller in the meantime. This error coul: 


be reduced one-half by using perfect front cones for bal 


ancing, or could be eliminated by marking the cones and 


7 
indexing them the same for balancing and installatior 


Neither of these precautions is taken except 
experimental test work. 


Che effect of cone seating is not completely understood, 
although consistent phenomena have been observed ind 
cating that the propeller can seat in varying positions, 
which are reproducible, when the retaining nut is tightened 


, 


with the shaft horizontal and the propeller in various 


THTTNSQNOUTTUUUANEHUNENNTEUUUIHUHL | quinn HANITONUNNNNTTHNHITHY HONUTITNNNNENYUHNTAEEHVULANEEEEICUENOEITE 


HE paper is divided into two parts: the first 
dealing with propeller unbalance types, 
= amounts, major contributing factors, and meth- 
= ods of control; and the second dealing with air- 
= plane roughness caused by propeller unbalance, 


including a study of human susceptibility to such 
vibration. 


Mr. Best shows here that airplanes are not 
rough due to propeller unbalance unless either 
= the structures or engine-mount combinations ex- 
hibit resonant characteristics. Since structural 
frequencies are not susceptible to close control, 
the author believes that proper engine-mount = 
design is of prime importance in eliminating pro- 
peller unbalance roughness. 
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m Fig. |—Typical force unbalance for various sizes of propellers 


angular positions. This effect is a vector of constant 
amount with angular position which follows the position 
of the weight vector at the time the nut is tightened. The 
amount of the vector varies with different propellers of the 
same design and is thought to be affected by tolerances on 
the propeller cone seats. On a 12-ft propeller the vector 
was of the order of magnitude of 3 oz-in., introducing a 
possible 6 oz-in. unbalance if the propeller was indexed 
180 deg between the times of tightening the retaining nut 
during balancing, and during installation. It is standard 
practice to tighten the retaining nut with the propeller in 
a horizontal position for the balancing operation, so that 
the vector should be zero. Thus, only 3 oz-in. error should 
be introduced by this effect. The error may be reduced by 
lifting the weight of the propeller off the shaft during 
tightening. 

The effects of propeller shaft eccentricity and unbalance 
have not been thoroughly studied but it is thought that 
they are generally small. Distortion of the propeller under 
centrifugal load may or may not cause appreciable unbal- 
ance, depending upon the design of the propeller hub. The 
hub assembly is designed to be sufficiently rigid and held 
to sufficiently close dimensional tolerances that appreciable 
differences in outward deflection of the blades under cen- 
trifugal load do not exist, and weights of blades are held 
to within sufficiently close tolerances that with equal out- 
ward deflection of blades no appreciable unbalance can 
exist because of differences in individual blade weights. 

All parts of the hub actuating mechanism are balanced 
individually on knife edges so that appreciable shifts in 
unbalance do not occur when they change relative position. 
The blades are balanced against masters in the manufac 
turing process through a 360-deg blade angle range in the 
vertical position to ensure that their c.g.’s lie either upon 
the blade centerline as determined by the taper bore in 
the blade shank or in identical positions relative to the 
centerline. 

Experience with propellers with nonsymmetrical oil sys 
tems has indicated that considerable difficulty is encoun- 





tered in wet knife-edge balancing. It is expected that ». 
of the difficulty could be overcome by either o} Sot ” 


CWO Mean 
The propeller could be balanced in a horizontal Done 
in which case the oil would distribute itself in 4 
positive and reproducible manner, coming closer to 4, 
distribution when rotating; or it could be balanced 4, . 
using a compensating weight to simulate the efee « 
the oil. 
The error in knife-edge balancing is of the order of 
oz-in. on a 396-lb propeller when the knife edge; , 


maintained in good condition. This is sufficiently 
be insignificant in comparison with the other 
possible errors. Horizontal balancers of either the port} 
or stationary type are capable of even greater accuris 
although it is of no particular value. Their advantage 
mainly in ease of use and rapidity, and in the fact ths ; 
is possible to specify positive limits of unbalance to bx 
which cannot be done with knife edges. The | 
cable-suspended type of balancer should prove very 
for field servicing of propellers where it is not feasit 
set up knife edges and balancing may be | 
suspending from a tree or any other convenient suppor 
It is expected that horizontal balancers will cor 
general use. 

2. Mass Moment Unbalance — The main factors ¢ 
uting to mass moment unbalance are: cone eccentricity 
cone seating, tolerances which affect the forward tilt 
fore-aft location of the blades, tolerances on edge alignmer 


see allel 


and face alignment, propeller shaft angularity, pr 


shaft unbalance, mass force unbalance of individual par ' 
lying in different fore-aft positions, differences in for 
deflection of individual blades under aerodynamic loading b 
errors in vertical balance of blades, and nonsymmetries ir 
hub design in some types. 

Front and rear cone eccentricities are equally importan 
in causing mass moment unbalance. With production p 
limits of 0.oor-in. runout on the rear cone a! 2 
on the front cone in opposite directions the mass mom 
unbalance introduced on a 12-ft propeller with 12f 
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a Fig. 2-Typical moment unbalance for various sizes of propel'®” 
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inertia, assuming the cones“to be 5 in. 


) 


16 0.0005 + 0.001 
r X= ~aae = 435 oz-in.* 
J 
dn a ir cone becomes appreciably galled, and it 
sis at the effect can be greater. Here again, 
the of mass force unbalance, the tolerance on 
cot it seems excessive. 
ne St has an effect on mass moment unbalance 
ilar t fect on mass force unbalance although even 
1. It can introduce as much as 700 oz-in.? 
Bholar 12-ft propeller with 1260 lb-ft? polar mo- 
. As in the case of mass force unbalance the 
le fect luced by lifting the weight of the propeller 
tit r of 1 ler shaft when the retaining nut is tight- 
D rrors from cone eccentricity and seating do 
case of mass moment unbalance, since no 
to balance the assembled propeller dynami- 
on. In special tests in which an assembled 
, pletely balanced, double errors can occur 
xing and mounting technique are con- 
ng and in installation. 
which affect forward tilt of the blades 
ible amounts of mass moment unbalance. 
lge alignment and face alignment permit 
alance to exist even though all blades are 
balance. Maximum effect is produced 
inboard of a certain station are in the 
dost osition and those outboard in the most 
: n permitted on one blade and in the reverse 
deat opposing blade or blades. The station is 
t permit the blade to be in vertical balance. 
ive been carried out for a typical blade for 
B i2ft pr er, in which the edge and face alignment 
Dleran re assumed to be on the high limit (-+-0.030 
.) outboard and on the low limit (—0.030 in.) inboard 
tation. The moment unbalance, in ounce- 
edge alignment was found to be 270 sin 
g) and that due to face alignment 270 cos 
2), where @ is the blade angle at the 42-in. 
and face alignment are both off in the 
a maximum of 765 oz-in.* can result at 
leg ingle in a full propeller, varying only slightly 
char | angle through the operating range. If they 
directions, zero unbalance results at 29 deg, 
ince changes considerably with changes in 
ngle, reaching 262 oz-in.? at 49 deg. 
propeller shaft angularity and unbalance 
Be not been thoroughly studied but are thought to be 
rce unbalance of individual parts of the 
bly lying in different fore-aft positions are 
y small so as to have almost negligible effect 
unbalance by means of separate balancing. 
ydromatic propeller the spider, individual 
irrel, dome, rotating cam, stationary cam, 
balanced separately. In some hub designs 
nonsymmetries which can cause moment 
these are generally kept negligible. 
forward deflection of individual blades 
oY per kept reasonably small by holding dimen- 
onal t s of the blades close enough so that their 
ristics are nearly identical. Calculations were 
a 12-ft propeller having one blade 3.45% 
1ominal and the other blades 3.45% thinner 
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m Fig. 3—Dynamic balancing machine with aerodynamic screen 


than nominal, which indicated that 256 oz-in.* unbalance 
would result from this source at a typical cruising condi 
tion. Moment unbalance can be caused by errors in vertical 
blade balance equal to the error in ounce-inches multiplied 
by the radius of the blade c.g. For a 12-ft propeller with 
c.g. at 22.4-in. radius having one blade off by the maxi 
mum production tolerance of 3.2 oz-in. forward and th« 
other blades 3.2 oz-in. rearward, the unbalance would lx 
2 X 22.4 X 3.2 = 143.4 oz-in.* Although this is an insig 
nificant amount, fairly significant amounts can exist on an 
overhauled propeller, where vertical unbalance may lx 
large. It would be good practice to balance the blades 
vertically against one another in the overhaul process, at 
least at one blade angle. If only one angle were used, it 
should be selected to place the c.g.’s in identical fore-aft 
positions at a typical cruising blade angle. On knife edges 
this would require setting the blades 90 deg higher o1 
lower than the cruising angle. 

Mass moment unbalance could be corrected on an as 
sembled propeller in the manufacturing process on a 
dynamic balancing machine, but such a procedure would 
be. costly and would be rather meaningless unless cone 
indexing and mounting technique were controlled. In Fig. 3 
is shown a photograph of a Gisholt dynetric machine suit 
able for the purpose as set up at Hamilton Standard for 
experimental work. The screen immediately behind the 
propeller is used for measurement of aerodynamic moment 
unbalance. The fairing is necessary to obtain the smooth 
airflow necessary for reliable measurements. 


3. Aerodynamic Force and Moment Unbalance — The 
main factors contributing to aerodynamic force and mo 
ment unbalance are tolerances on geometric angles at ind 
vidual stations, changes in angle of zero lift and slope of 
the lift curve at individual stations due to tolerances on 








airfoil shape, and tolerances in the hub assembly which 
cause the blades to have different angles at the reference 
stations. Stations at the tip are considerably more impor- 
tant in determining aerodynamic moment unbalance than 
force unbalance. Centrifugal restoring moment has an 
appygciable effect in reducing aerodynamic moment un- 
balance, but has no appreciable effect upon any other type 
of unbalance. 

The tolerances on geometric angles at individual stations 
on a 12-ft propeller are ++0.25 deg on the outboard stations, 
which are of most significance, thus permitting the effective 
angle of a blade to be nearly --0.25 deg different from the 
reference station for the case where all errors are in the 
same direction. The method of specification and inspection 
of airfoil shapes is such that only a few minutes deviation 
in angle of zero lift relative to geometric angle is possible. 
Special blades have been made, within dimensional toler 
ances, in which the measured zero lift angle was changed 
about 0.15 deg and the slope of the lift curve several per 
cent, but they would not pass inspection because of un 
smooth appearance. At 4-deg angle of attack a 3% varia 
tion in slope of the lift curve would result in 0.12 deg of 
aerodynamic unbalance. Tolerances in the blade actuating 
mechanism may permit appreciable differences in reference 
angle to exist between blades. These tolerances are such 
that, in general, aerodynamic unbalance is of less impor 
tance than mass unbalance. 
can be reduced if 


\erodynamic unbalance 


means areé 
incorporated in the manufacturing procedure for measur 
ing it in the assembled propeller and adjusting the relative 
blade angles to eliminate it. In general, it is not possible to 
balance out both force and moment unbalance simultane 
ously, although balancing one will usually improve the 
With 1 knowledge of the relative susceptibility of 
the airplane upon which the propeller i is to be installed to 
force and moment unbalance, it is possbile to balance out 
whichever type seems the most significant or to compro 
mise between the two. 


other. 


Perhaps the most practical method which can be ap 
plied to production is the measurement of geometric angles 
at a number of stations of each blade upon a machine 
which automatically applies the proper weighing factor to 
the measurement at each station and gives a reading of 
the integrated effect over the blade, indicating the neces 
sary angle through which it must be rotated to bring about 
a balanced condition. By properly selecting the stations 
of measurement it is possible to make the weighing factors 
equal or to make them bear any desired relative values. 
Such machines are now being used in production by sev 
eral manufacturers in cases where aerodynamic unbalance 
s felt to be important. 

It is possible to compute theoreticaliy the proper weigh 
ing factors for either force or moment unbalance or any 
desired combination of the two, taking into account V/nD, 
tip leakage effects, centrifugal correction factor, 
tude for one flight condition. 
off for other conditions. 


and alti 
The result will not be far 


Attempts have been made to apply wind tunnel methods 
of aerodynamic unbalance measurement, 
appear well suited for production work. 


but they do not 
Hamilton Stand 


1 See Aero Digest, Vol. 38, May, 1941, pp. 180+: “Balancing of 


Aircraft Propellers,” by R. K. Mueller. 

2See Aero Digest, Vol. 38, February, 1941, pp. 113 March, pp 
256+; April, pp. 102+ “Balancing of ‘Aircraft Propellers,” by M. C 
Beebe, Jr 


ard has set up a screen to be used in conjunction y 

dynetric balancing machine for measuring acrodynany 
moment unbalance at low blade angles and Zero fons 
velocity (see Fig. 3). The screen is subjected to a fo, a 
each point proportional to the velocity pressure behind 
propeller, which is proportional to the thrust of the te 
peller at that point. The screen as a whole is subjected 
a steady force proportional to the thrust of the propel 
plus a moment rotating with the propelier proportion ‘ 
the thrust moment of the aerodynamic forces on he = 
peller, and thereby forced to oscillate about a diam 

hinge with an amplitude proportional to the aerodyy 

moment unbalance. The amplitude of oeiliiiiee 2 
phase angle are measured with an electrical vibratio, 
up attached to the screen in conjunction with th 

measuring equipment as used on the dynetric machin, 
measuring total force and moment unbalance. Thy 

setup may be calibrated to read degrees unbalance 

blade. The system, although 
is not well suited 
experimental work. 


ck 


capable ot good accu; 
to production use and is restrict 

A similar system for measi 
dynamic force unbalance is difficult to conceiv 

In applying any method aerodynamic balance 
vision should be made for adjusting the blad 
the assembled propeller and correction should be 
to the complete assembly. Since such an adjust: 
erally requires disassembly of the propeller, cons 
time is required for balancing on a machine 
quires complete installation of the propeller, part 
if several trials are necessary to achieve balanc 


® Unbalance Measured under a anima) Loog 


Until about two years ago no means were a 
measuring force 


unbalance on a 

In 1940 Hamilton Star 
set of field balancing equipment 
permitted the determination of 


and moment 
under actual operating loads. 

had developed 
mass force 

which would balance out the propeller frequency 
ponent of vibration at a selected point in an 
ture! 


aircralt 
This equipment consisted of an electrical \ 

pickup which could be placed at the desired point 
structure, a three-phase, 


sine-wave generator which 
be mounted on the rear of the engine or on a sta! 
front of the propeller and driven at propeller 
phase shifter by means of which the output of the g 
tor could be shifted through a measured stgeth ang 
any desired amount, and a sensitive wattmeter-ty{ 
tor whose field coil was excited by the propeller fr 
output of the phase shifter and whose moving 
excited by the output of the pickup. 

In 1942 an additional unit was developed t 
with the original equipment, together with two \ 
pickups of a type which could be mounted directly 
engine, one at the front and one at the rear. Incor 
in the unit were an amplifier and compensating 
ing networks somewhat similar to those used 
netric balancing machine? for nullifying the eff 
unbalance electrically, and permitting one reading 
made independent of force unbalance and another 


pendent of moment unbalance so that, with prope! 
bration, force and moment unbalance could & 
directly. The unit operated very well, but it was! 


that on an actual engine installation both force and mom 


unbalance caused displacements at the front and © 
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a | - Dynamic field balancing unit 


| not bear a simple o-deg or 180-deg 
ith one another, with the result that 
to nullify the effect of either type of 
lar i rily when attempting to measure the 


ry to measure the outputs of the in- 
nd compute the and moment 
ng a procedure similar to that used 
ncing of turbines and electric motors 
he procedure consists of measuring the 

, ingle of the outputs of the two pickups 
the propeller bare, with a large known 

g moment unbalance applied, and with 
ount of calibrating force unbalance ap 


force 


e dv! iia 


Loodiimtre know 

manipulations of vector algebra com- 

be t and angular positions of the original 
unbalances. 

is encountered in obtaining vibration 

uld give consistent outputs at the low 

encies involved and in designing the amplifier so that 

be ently sensitive to measure small vibra 

requency without being overloaded by 

rge vibrat encountered at higher frequencies, but 

ly developed to the point where it was 

Satistactory for measuring unbalance either on a torque 

Bor in fight. A photograph of the unit is shown in 

sing this apparatus it was possible to balance a 

thin limits of about oz-in. and 

ough random variations in unbalance 

is started and stopped or permitted to 

vere found to be about 


=—=5 


+7 oz-in, and 


ts was conducted with this equipment 
and airplanes both in flight and on the 
id, n | propellers in the 2000-hp class. The 
I that the unbalance permitted by present 
ire is reasonably small in comparison 
y variables which cannot be controlled. 
erances were made infinitesimally small, 
unbalance which would exist under 
\ditions would not be greatly different 


s tions, Vol. 56, October, 1934, pp. 745-753: 
: f Rotating Machinery in the Field,” by E. L 
Capes ‘f dem Gebeite des Ingenieurwesens, Vol. 2, 


31-386: “Die Empfindlichkeit des Menschen gegen 
H. Reiher and F. J. Meister. 


157, January 28, 1944, pp 


1 61-63: 
” by F. Postlethwaite. 


“Human 
tion, 






trom present amounts. Thus, it would appear unreason 
able for an aircraft to be designed in such a manner as to 
require a 2000-hp propeller to be balanced within limits 
any closer than about 20 oz-in. and 1000 oz-in.* In gen 
eral, working to closer limits requires balancing in the 
held of an engine-propeller combination after installation 


in an airplane. 


ll. Airplane Roughness from Propeller Unbalance 


@ Human Reaction to Propeller Vibration 










In order to make an intelligent evaluation of the effect 
of propeller unbalance in producing airplane roughness, 
it is necessary first to establish the amount of vibration 
required to produce a given degree of discomfort and then 
to determine the amount of vibration which will actually 
be encountered. Although it may be argued that the re 
actions of various persons will differ widely and will be 
influenced by a number of factors, an attempt must at 
least be made to evaluate the important factors. Investi- 
gators in automobile roughness have found that a surpris- 
ing amount of unanimity exists, even among the general 
public, as to what constitutes a rough ride, and that agree 
ment among experts in vibration work is roughly three 
times as good. 

Several laboratory investigations have been made of the 
reactions of a number of subjects to vibrations in the range 
of frequencies of interest, notably the work of Reiher and 
Meister,* and of Constant.” 
not very well be evaluated, but may be assumed to average 
out for a number of subjects. The major influencing fac 
tors were frequency, cushioning, position of the subject, 
and direction of vibration. Additional factors which would 
be encountered in aircraft operation which were felt suf- 
ficiently important to warrant additional investigation 


Psychological factors could 


were the masking effects of vibrations present at other 
frequencies and very loud noise. 

An investigation was made at Hamilton Standard in 
which several subjects were seated in an airplane (on 2 
hard leather cushioned seat) which was excited on the 
ground by means of a rotating unbalance exciter simulating 
the action of propeller unbalance, at known amplitudes 
and frequencies in modes of vibration which would ac 
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tually be excited by propeller unbalance. Additional tests 


were conducted upon one subject in flight on the same 
airplane with large unbalances applied to the propeller 
sroduce known amounts of vibration. It was found that 


in flight more vibration was required at propeller fre 


to | 


quency to produce a given reaction than on the ground 
because the other vibiation and noise tended to desensitize 
the subject. 

All available data were carefully weighed and thresholds 
were established between imperceptible and_ noticeable 
vibration and between noticeable and objectionable vibra- 
tion. These thresholds are plotted against frequency in 
Fig. 5, together with the thresholds determined by Reiher 
and Meister and by Constant. The curves of Reiher and 


Meister apply to a standing subject subjected to sinusoidal 


= 


m Fig. 6- Diagram of typical 1450-hp fighter airplane subjected to moment at propeller shaft 
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vertical vibrations, those Constant 


u 


ol 
upon a parachute subjected to sinusoidal v 
and those of Hamilton Standard to a subj¢ 
hard leather cushion subjected to a combin 
and lateral vibration at propeller frequen 
flight conditions. These thresholds should 
ward or downward somewhat, depending 
of operation involved. An airline passens 
seated in a relatively quiet cabin would « 


to smaller disturbances than would a milit 
combat conditions. 


@ Vibration Due to Propeller Unbalance 
Propeller rotational frequencies are sufficient 
that they occur in the region where a nu! 
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equencies and, all too often, engine 





requencies occur. 


A detailed study 
entire structure to unbalance excita 





thing, but a qualitative insight into 
tained by using certain simplifying 


mpie matter to compute the response 
ch the structure and engine mounts 
g Comparisons of rigid airplanes 


give a qualitative idea of the rela 
lifferent types of unbalance in actual 


diagram of a typical 1450-hp fighter 
a rotating force or moment at the 
' ypical amounts of unbalance for such a 
d from Fig. 1 are 14.5 0z.-in. mass 


rodynamic force, 700 oz.-in.* mass 


’ z.in.~ aerodynamic moment, or a total 
ind I11O OZ-in.~ moment unbalance. 


tants are assumed as follows: weight, 
| polar moment of inertia, 650,000 |b-ft?: 
of inertia, 950,000 lb-ft: propeller 


id of the c.g.; pilot seat location, 72 in. 
ir of fuselage, 216 in. aft of the c.g. 
ows to determine the amplitude of 
lisplacement of the c.g. x, displace 


it x, and displacement of the rear of 


95.5 950,000 * 144 
S65 ( 386 


0.00000126 radians 
(1.000 144 


10,000 
3S6 


0.000159 in 


O00 


72 & 0.00000126 = 0.0000682 in 


q 2°16 0.00000126 0.000114 in 


nee 


ibout ¢.g 


950,000 * 144 
386 
110 


0.000000507 radians 
OOOO « 144 


wv 


) Fe 


9 0.0000365 in. 


UO, 216 


0.0001097 in. 


force and moment unbalance in the wor 


0.0000365 0.0001047 in 


0.0001097 0.0002237 in. 


. jure gives for the vertical displacement 
, and at rear of the fuselage yz, the fol 
le to torce unbalance y, 


35 in.; due to moment unbalance y, = 


-0.0000202 
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and due to combined force 


Ox 10053 1D., V7 0.000150 1N.; 


and moment unbalance in the worst possible phase rela 
Dou ) 
Maxi 


mum amplitude of vibration occurs at the rear of the fuse 


| 
tionship 4 0.0000792 1N., yr 0.000397 In. 


amplitudes of vibration are double these amounts 


lage and is determined mainly by the yawing and pitching 


motion of the airplane and to a minor extent by the motior 


of the center of gravity Referring to Fig. 5, it will be 


seen that in the propeller frequency range (600-2200 cpr 
the vibration is imperceptible 
I I 
If, for the purpose ot comparison ol different sizes of 


airplanes, it is assumed that pitch and yaw are the only 


} 


items of importance, then the response of the airplane wi 
be directly proportional to the moment of the unbalance 
force, inversely proportional to the polar moment of imertia 
of the airplane in pitch and yaw, and directly proportiona 


to the distance of the rear of the fuselage trom the « 2 For 


1 ] 
force unbalance this will be proportional to 


unbalance * length length 1 rlance 
weigh length? veight 


For moment unbalance it will be proportional to 


unbalance length unbalanes 


length 


v-icht lenzth? weight 


Plotting weight and length of a large number of airplanes 


against total horsepower as a parameter, and combining 


the values with the amounts of unbalance plotted in Figs 


1 and 2, the curves of Fig. 7 are obtained, showing rela 


tive amounts of roughness to be expected with typica 


single-, 2-, and 4-engine airplanes and typical propeller 
as a function of total horse power. For single-engine all 
planes mass force unbalance tends to be of most importance 


» i} ] 
below and mass moment unbalance above 950 hp. Total 


roughness from all types of unbalance tends to increas 
with horsepower. For multiengine airplanes the individual 


] 
propellers are of smaller horsepower for a given total power 


than with single-engine airplanes and have, in general 
\00r { 
60} i 
— 
a 4 enaint_- = 
*] sor 
| amas jc} 2 PWOTAL 2 ENGINES 
~“ ~~ PRCA encinees 


~ PROPORTIONAL TO ROUGHNESS 
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a Fig. 7- Roughness of assumed rigid aircraft due to typical pro 
peller unbalances 
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less than a proportionate amount of unbalance, so that 
overall roughness is reduced. For two-engine airplanes 
mass force unbalance is of most importance below and 
aerodynamic force unbalance above 5500 hp. Overall 
roughness is more or less independent of size up to 5500 
hp, but probably increases with much higher powers. For 
four-engine airplanes mass force unbalance is of most im- 
portance up to about 12,000 hp and aerodynamic force 
unbalance above. Overall roughness decreases slightly with 
power up to 10,000 hp, but probably increases at very high 
powers. These figures should represent general tendencies 
in actual airplanes, although it must be borne in mind that 
particular cases vary widely because of the different types 
of resonance involved. 

It is comparatively simple to compute the response of 
an airplane in which flexible engine mounts are used but 


= Fig. 8- Diagram of 1450-hp fighter airplane subjected to moment at propeller shaft 


the structure assumed to be rigid. In Fig 

diagram of the same 1450-hp fighter airpla 
the previous example, assuming the follow 
constants for the engine and mounts: weig 
and propeller, 2208 lb; pitching polar mom« 
880,000 |b-in.?; yawing polar moment of i! 
lb-in.*; c.g. location, 33 in. aft of the prop 
frequency, 700 cpm; lateral frequency, high 
the range of interest; pitching frequency, 61 

frequency, 1050 cpm with damping such 

magnification of ro:1 at resonance; and ela 
the c.g. It is of interest to study the behavior 
since this is a typical cruising propeller fre: 
the only resonant frequency in the usual opé 
At this frequency all moments applied abo 
c.g. will be magnified by a factor of 10 and sh 
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~ A, Multiplied by the vector operator 710.) 
llows to calculate the same quantities as 





a a r the rigid mounts. 
ue 1 inbalance: 
nts about c.g. = 
2 1s + j10 X 33 X ae 
6 X 16 386 xX 16 
00 X 1g | 
386 
+ 9830) X 25-5 9.000000875 
950,000 * 144 
1000385 radians 
ral forces = 
19,000 
w + ——— qj" Z 
16 386 
“°"_____ = — 0,000159 in. 
10,000 
10159 — 72 (—0.000000875 — 70.00000385 ) 
22 + 70.000277 or 0.000355 in. 
tr 10159 — 216 (— 0.000000875 — 70.00000385) 
187 + 70.0008383 or 0.0009 in. 
2 Due t ment unbalance—values for rigid mounts 
10501 
136 In 
8 in 
bined force and moment unbalance in worst 
pe tionship: 


+ 0.00036 = 0.000715 in. 
0.00108 = 0.00198 in. 


lure gives for the vertical displacements 
ues: due to force unbalance, y, = 0.000072 
019 in.; due to moment unbalance, y, = 
0.0000835 in.; and due to com- 
moment unbalance in the worst possible 
, Yo = 0.0000936 in., yr — 0.0002735 in. 
omparison is made of the double ampli- 
calculated for the airplane with both 
engine mounts. 


ble !—Double Amplitude of Vibration 
(thousandths of an inch) 


Rear of Fuselage Pilot’s Seat 


ral Vertical Lateral Vertical 
Flexible Rigid Flexible Rigid Flexible Rigid Flexible 


1.800 0.476 0.380 0.1364 0.710 0.0526 0.144 
2 2.160 0.318 0.167 0.073 0.720 0.106 0.0432 
0.4 3. 960 0.784 0.547 0.2094 1.430 0.1586 0.1872 


the lateral vibrations have been increased 
incant level to a very noticeable level by 
nant characteristics of the engine, while the 


gl . ns have been generally somewhat reduced. 





rtical and pitching frequencies are well 
iting range, a certain degree of vibration 


ted. If the lateral and yawing frequencies 
* c é . 
redueed to comparable values by redesign, 
nme { ] : ; ‘ ‘ > 
engitt uld have been quite insensitive to propeller 
ag general, it is desirable to select engine 
No ovembe 945 





mounts of such stiffness as to place the frequencies of 
natural modes of vibration which may be excited by pro- 
peller unbalance outside the propeller speed range, pret- 
erably on the low side. These modes always include 
lateral, vertical, yaw, and pitch, and may include roll when 
the elastic center does not coincide with the shaft axis and 
either roll or fore-aft when elastic coupling exists with 
other modes. 

For simplicity the previous discussion has been limited 
to the study of hypothetical airplanes with rigid struc 
tures. Actually the problem is vastly complicated by the 
existence of numerous complex resonances in the propeller 
frequency range. Higher modes of vertical wing bending, 
fundamental fore-aft wing bending, fuselage side bending, 
fuselage vertical bending, horizontal stabilizer bending, and 
vertical stabilizer bending natural frequencies commonly 
occur in the range. Motions of the control surfaces asso 
ciated with these primary structural modes of vibration 
couple the. control systems with the rest of the system. 
Thus, vertical oscillations of the horizontal stabilizer and 
elevators cause fore-aft motion of the stick, which may be 
greatly accentuated by resonant characteristics of the stick- 
elevator system. Lateral oscillations of the vertical sta- 
bilizer and rudder cause fore-aft motion of the rudder 
pedals, and vertical oscillations of the wings and ailerons 
cause lateral motion of the stick. Localized resonances 
may occur at various places in the airplane, excited by the 
motion of the main structure. Thus, resonances of the 
instrument panel on its rubber mounts or of other elas 
tically mounted equipment, or bending resonance of a 
contro] column may cause trouble. 


Structural modes are always such that maximum ampli 
tude occurs at one or more of the extremities. Thus, 
fuselage bending modes are such that the nose and tail 
are rough while nodes and smaller amplitudes occur in 
the middle portions. In a single-seat airplane the vibration 
at the pilot’s seat is generally small compared with that 
at the tail, so that vibration is likely to be felt in the stick 
or rudder pedals rather than in the seat. In bombers the 
pilots are likely to be seated in regions of relatively small 
vibration, whereas the bombardiers and tail gunners are 
subjected to maximum vibration. In most transports the 
pilots are seated near the nose and are subjected to maxi 
mum vibration, whereas the passengers are likely to be 
in regions of small vibration. 

Secause of the very complex nature of the phenomena 
it is not possible in general to compute the detailed re 
sponse of any aircraft to propeller unbalance excitation but 
is a fairly simple matter to measure the response experi- 
mentally. Extensive tests conducted by Hamilton Stand 
ard indicate that response very similar to that obtained in 
flight may be measured in the hangar by removing the 
propeller and substituting a rotating unbalance exciter 
which is driven at various speeds throughout the propeller 
speed range. The entire airplane should be suspended 
flexibly by shock cord and the landing gear retracted to 
simulate flight conditions as closely as possible, although 
engine response may be determined quite accurately with 
the airplane resting upon its wheels. The main wheel 
tires are usually flexible enough so that the response of 
the structure is not greatly affected by resting them upon 
the ground, but the vertical stiffness of the tail wheel is 
apt to be sufficient to have considerable effect unless the 
tail is suspended by shock cord. With tricycle landing 
gear the response of the entire structure should not be 
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greatly affected by resting upon the wheels. Tests of this 
sort are sufficiently simple so that it would seem desirable 


to conduct them 


upon every new aircraft design, pat 
ticularly those which are thought to be subject to propeller 
unbalance difficulties. 

It may be of interest to review the results of specific un 
balance studies which have been made upon a number of 
different airplanes. A study was made of a fighter airplane 
having characteristics approximately the same as those 
assumed in the previous examples, which was found to 
In flight the 
cockpit was found to be rough at 1050 and 1500 propeller 


rpm. 


be unduly sensitive to propeller unbalance. 


Ground excitation tests with 15 oz-in. force unbal 
ance gave response curves for engine yaw, pilot seat lateral, 
horizontal stabilizer vertical, and stick fore-aft motion, as 
shown in Fig. 9. The high response at 1050 cpm is seen 
to be definitely associated with the engine yaw resonance. 
The mode of vibration of the entire airplane at this fre 
quency was found to be as shown in Fig. 10. Apparently 
the frequency is not far removed from the lateral bending 
frequency of the vertical stabilizer. The resonance at 1500 
cpm is a structural resonance involving lateral fuselage 
bending and yawing motion of the tail assembly, as shown 
in Fig. 11. A coupled mode of bending vibration of both 
horizontal and vertical stabilizers occurred at about 1275 
cpm, forcing a sizable peak in fore-aft stick vibration as 
indicated on the response curves. Although measurements 
were not made with moment unbalance, the engine node 


location in the yaw mode of vibration was 24 1n. aft ot 


the propeller c.g., indicating that 10 oz-in. force unbalance 
would produce approximately the same excitation as 
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vibrations throughout t 


was concluded that the presence of 


24 —= 240 0Z-IN.- moment u 
l 


ne 


nbal: 


in 


airplane wer 


unduly sensitive, and that redesign of 


onance in the operating range caused thy 


ne 


would be the most effective cure to the 


A number of tests were conducted upo; 


airplane, in which the stick was report 


rough in the fore-aft direction. 


trouble was traceable to a 


It 


resonance 


ot 


fe 


J 


was 


t 


system which was excited by fuselage and 


bilizer vertical bending. 


resonance occurred at 


A pitch anc 


| 


1 yaw 
a trequency somey 





range of interest, causing very violent fuse lage | 


lateral bending vibrations at the resonant 


resulting in a 


Trequency. 


ppreciable magnification at th 
Fuselage vertical bending and 


tical bending frequencies were also fairly 


ing additional magnification. 


determined in flight was 0.020 in. double ar 


The sensitivit 


oz-in. force or 270 oz-in.” moment unbalan 


propeller for this airplane would have 2 


balance causing 0.04 


ment unbalance causin 


oO 
> 


0.089 im. 


in. amplitude, and 


amplit 


that moment unbalance would be about 


tant as force unbalance. 


It was decided 
the problem should be either a reduction 


frequencies through the use of softe: 


en 


the addition of a damper to the stick syst 


vibration. 


The DC-3, popular twin-engine airline tu 


ciently sensitive to 


1] 


propeller un 


balance 


installations sO that it has been common 


wit 


pfa 


time to balance the propellers after final 


was found that 


resonance existed at 


I2 


50 


a coupled lateral 


cpm, which cort 


and yaw 


leat 
OlV1 


t 
} 


closely to cruising propeller speed, In\ 
it the rear of the engine and a node rel 
propeller. In addition the fundamental 
frequency of the fuselage occurred at 


same [re quency, 


appli 


making the airplane mor 


sensitive to propeller unbalance. The mod 


as to 


smaller amplitudes in the region of the 


th 


at 


a node occurring in 


maximum occurring 


oz-in.*” moment unbalance on one pr 


1¢e 


the 


vicinity 


rear. 


ol 


A 1 


in. double amplitude at the pilots’ sea 


the rear of the cabin. Multiplying these val 


referring to Fig. 5, it is seen that this amout 


t 


give maximum amplitude in the 


the 


1 
opel 


S 


OZ 


1 
1eT 


ana 


on both propellers would produce vibratio! 


} 


be very noticeable to the pilots but barely p 


passengers in the worst part of the cabin 


pellers for this airplane would have about 


and 700 oz-in.? moment unbalance, and wot 


abi 


objectionable roughness to the pilots and str 


able roughness to the passengers in the 


localized lateral bending resonance occurs 


columns at about 1100 cpm, just below the nor 
range, involving very large amplitudes. The 
balanced by adding mass force correction 
balance out the vibration of the contro] colu 


resonant frequencies. 


It 


was 


found 


that 


characteristics of the engine mount combinat 


duplicated on a torque stand. A propeller 


no 
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encies, preferably below the operating 
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torque stand at 1250 propeller rpm 
ection was found to be balanced within 
installed on an airplane. It is con- 
vity of the airplane could be consider- 
hange in engine mounts to shift the 


be borne out by the 


tact that some 
different engines and 
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airplanes with 
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goned engine 


mounts placing all sig 
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tructural resonances were found, but 
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ETECTION and Evaluation of Detonation-In the 

calibration and development testing of improved en- 
gine models, detonation has been one of many limitations 
to the further increase in engine performance. Quantitative 
knowledge of just what the detonation limiting operating 
conditions are, and the ability to compare, reliably with 
regard to detonation, a given combination of design com- 
ponents in a certain engine with a different combination 
of components, is important. 


The need for detecting and evaluating detonation on 
large aircraft engines has resulted in a long period of de- 
velopment of laboratory equipment for this purpose. At 
Wright Aeronautical Corp., approximately 30,000 man- 
hours and 15,000 engine running hours have been devoted 
to this project. The result of this work is a practical 
laboratory device known as the detonation detector. This 
instrument detects detonation in the aircraft engine; in 
addition, it detects mechanical malfunctioning within the 
cylinder; which, in turn, greatly increases the efficiency of 
development testing. A substantial number of these de 
tection units are available and are now being used to facili- 
tate engine development. 

Additional refinements may be applied to this versatile 
instrument, thus improving its utility to the extent that it 
further proves its practical value in the operation of aircraft. 
This paper is presented to indicate the development neces 
sary to accomplish this purpose at Wright Aeronautical 
Corp., together with a detailed account of operating tech 
niques and interpretation of various phenomena. The 
prospects for future development are also briefly presented 


@ History 


Prior to 1937, and during the subsequent years ot 
detonation-detector development, the occurrence of detona 
tion in an engine was interpreted from examination of the 
exhaust flames in the engine test cell. This procedure 
has become increasingly unreliable, particularly, as the en 
gine output grew rapidly greater, and as operating bmep 
and the antiknock characteristics of fuels were undergoing 
rapid changes. While experienced observers could agree 


{This paper was presented at the SAE War Engineering — Annual 
Meeting, Detroit, Jan. 9, 1945.] 
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on the existence of severe detonation under 
conditions, extreme disagreements occurré ‘ 
observers as to the beginnings of detonation, particu 
at cruising powers. With the expansion of the indie’ 
reliance on a substantial number of development t t eng ; 
neers on several shifts became essential, and t} 
instrumentation to observe detonation a 
malfunctioning became acute. 

In 1937, a group of four organizations: Sperry G 
Corp., Inc.; Wright Aeronautical Corp.; B t Atm 
nautics, U. S. Navy; and the National Advis 2 
mittee for Aeronautics financed laborator 
work at Massachusetts Institute of Technol 
tion detector which would detect detonatior 
at the same time, would not detract in th 
durable and reliable characteristics of the 
when used in flight. This development 
decision that the detonation detector system was | 
of a vibration electrical pickup to be externally a 
cylinder heads without appreciably damag 
introducing any foreign element into 
chamber. This pickup, together with suitabl 
equipment, could record cylinder-head vibrations r 
from detonation. The work was carried 
direction of Dr. C. S. Draper who was red 
earlier laboratory studies on the sound waves 


ASI 





HE need for detecting and evaluating deton 
tion on large aircraft engines gave rise to ¢ 
long period of development of laboratory ed’? 
ment for this purpose, finally resulting in o pro 


tical precision laboratory device. 


This instrument, in addition to determining 
the degree of detonation, serves as ¢ valuable 


indicator of other abnormalities within the & 
gine cylinder. 
The development work necessary to 9°00T 





plish this purpose at Wright Aeronautical Cort 
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ke 





s yy detonation.» *+* A_ single-cylinder 
clone eng was used for the work. 
a Bn May the device was brought to Paterson for 


. right Cyclone engine; and there it dem 
ultimately to give the desired indica 

1 , however, that the valve-closing events 
y greater vibration of the cylinder-head 

Bucture | t transmitted trom the detonation itselt 


of detonation intensity. Thus, further 


eliminate electrically the valve-closing 


1 
ssential. 


Further, a large amount of de 
the pickup units themselves to increase 


to make that sensitivity uniform in 


to an extended development period 
al ahe tional experiments were also conducted 


ponsive pickups screwed through the 


acted on. directly by the gas pressure 
Although this pickup device can be 
easily, it still records substantially the 
Therefore, by initial agreement with 
Sperry corporation, its use was avoided 
ng development, because of the desire 
vlinder structure or combustion char- 


.- oe Dr. Draper’s research, which was con- 


Abnormalities in AIRCRAFT ENGINES 


Instrumentation 





a y, was brought to a close, and the Sperry 
bond 
to 4 s described here by Mr. Streett together with a 
ip Setailed discussion of operating techniques and 
ore nterpretation of various phenomena indicated. 
ne outlook for future additional development is 
also br discussed by the author. 

sable = TH! {OR: JOHN W. STREETT, whose present 
» OF : Wright Aeronautical Corp. includes studie: 
ture pment problems and their testing equip 
has been with that organization in 
since 1936. For three years after his 
eS the University of Maryland in 1933, Mr. 
a s resident inspector in the manufacture 
orp Py able and later as field engineer for the 





nimerce 





45, 


corporation took over the rights to manufacture the de 


tector, atter further development, tor use in flight. During 
the next three years, Joseph Lancor and W. Van Rosen 
bergh of the Sperry corporation, and R. B. Lewis of Wright 
Aeronautical Corp. devoted many hours to testing and 
redesign of the various components of the apparatus. 
Perhaps the most notable development was the required 
means of limiting the ume period of electrical recording 
of the pickups strictly to the combustion portion of the 
cycle. 

In 1942, the first model of production equipment came 
into general use for engine development work at Wright 
Aeronautical Corp. It was assigned as additional equip 
ment on engines normally being calibrated for their detona- 
tion characteristics. With the accelerated engine develop 
ment programs vital to the war effort, it was apparent that 
additional circuits for quickly checking and locating mal 
adjustments of the apparatus and, above all, the use of an 
oscilloscope to visualize the impulses in the pickup cit 
cuits, was essential for practical use, on engines. Through 
this further development, not only has detonation become 


measurable, but, in addition, the utility of the instrument 
has been increased by its having detected certain mechan 
ce >¢ ribed 


ical malfunctionings within the engine, to be 


later. 


@ Principle of Operation 


Current understanding of detonation is, of course, very 
thoroughly published, and most investigators agree that 
detonation occurs when normal combustion, with its rela 
tively slow traveling flame front, has so raised the pres 
sure and temperature of the last part of the charge that 
its kindling point is reached, and the whole remaining 
portion goes off spontaneously; that is, it detonates. Figs. 


t and 2, photographed at M.I.T., are visual illustrations 


1See NACA report “Development of a Detonation Detector Suitable 
for Use in Flight,” by C. S. Draper, E. S. Taylor, J. H. Lancor, and 
R. T. Coffey 1939 Analyzes design requirements of a detonation 
detector for aircraft engines.) 

2See NACA Technical Report No. 493 (1934), “Physical Effects of 
Detonation in a Closed Cylindrical Chamber,” by C. S. Draper 

*See Journal of Avronautical Sciences, Vol. 5, April, 1938, pp. 219 
226: ‘“‘Pressure Waves Accompanying Detonation in Internal-Combus 
tion Engine,” by C. S. Draper 
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m Fig. | — Nondetonating combustion 


of this point.‘ These are continuous photographic rec 


of the flame travel in a 


} 
SIN gi¢ 


ords e, and 


combustion cycl 
were observed through a slot in the cylinder head. Time, 
that is, direction of flame travel, is shown on the horizontal 
axis, and flame travel is in an upward direction. Note that 
in Fig. 1 the flame travels progressively across the combus 
tion chamber, while in Fig. 


» | 
2, as the flame front nears 


the end of its travel, the remaining part of the charge has 
ignited instantaneously. TAis is detonation. 

The sudden rise in pressure and temperature resulting 
trom this detonation of the last portion of the charge sets 
up violent compression waves throughout the combustion 
chamber. It is demonstrated in the references just men- 
tioned that the frequency of these waves may be calculated 
on the same basis as sound waves, taking into account, of 
the the the 


involved. 


course, pressure and tem pe rature ol gases 


It was established in the development of the detonation 


detector that the cylinder head itself responds with fair 
fidelity the 


thus, the cylinder head being itself a transmitter of energy, 


to these forced vibrations from gas waves; 
it can be used to actuate a vibration pickup mounted on 
it, if sufficient sensitivity can be combined with the neces 
sary ruggedness for aircraft-engine use. This is exactly 
what was accomplished in the design of the current model 
instrument, thus providing a sound engineering principle 
for the detection of detonation. 
Development of a Mechanical Switch —- When the most 
difficult part of the engineering problem is accomplished, 
namely, development of a satisfactory pickup unit, it will 
appear to the uninitiated to be a relatively simpl 


nplif 


matter 
nal from the pickup, and have 


e 


to ar y and filter the sig 
} 


However, 
the problem of connecting one control room instrument 


this signal in turn, operate a suitable indicator. 


; 
successively to a pickup on each and every cylinder during 
only the combustion period of each cycle proved to be an 


As 
means of a mechanical switch (commutator ) 
the 


, S| 
extended development. sroblem 
1 by 


] 1 
nentioned earlier, this { 
was sol ve ( 


attached to, and rotated by, the engine. One of re 


, x 
quirements of the original ré¢ search was to incorporate in 


he electronic apparatus an indicator such that the increased 
See “‘Internal-Combustion Engine,” by C. F. Tayl and | Ss. 
Taylor. Published by International Textbook Co., Scranton, Pa 38 
See SAE Journal, Vol. 41, November, 1937, pp. 514-519 + (disc 
520: “Variables Affecting Flame Speed in Otto-Cycle Engine,” by C. I 
Bouchard, ( F. Tayl and | S. Taylor 
®See Wright Aeror tical ( I Seria Ret N 
Campbell and R. Lewis 1942 (restricted) 


there are two distinct objectives 1 
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a Fig. 2 -— Detonating combustion 


] 


Signal g 


strengths accompanying detonation wi 


neon flasher, as contrasted to no flash w 


bustion. It was subsequently found that by s 


ic’ 


characteristics of this latter circuit, the 
detonation could be made uniform for eacl 
This feature is of great importance in setting t 
of the flasher so that it requires an amplity 
greater than the normal combustion amplit 
light. 


the currently developed instrument 


TL. . ‘- 
[his completes the description oO I 











™@ Detection of Detonation 





In connection with the early engine test: 
developed apparatus, comparisons were mad 
"P 


the reliability of the instrument in indi 
ex! 


al 
} 


laust la 


compared with observation of m 


covers this testing, which includes examinat 


gine parts after certain cylinders had been 

nate for an extended period. Briefly, the res 

that reliance on exhaust flames would have been 

in many cases and that damaging detonati 

tected by the instrument. 
Detector Odbje ctives —It 


is essential to pe 


n using 
detector and the user should bear in mind w! 
he is seeking or he will 


be de ceived by the results 
] 


Testing in which the operation limits for 
T he det I : 


yient detonation 


nation is the essential knowledge: 


the occurrence of inci] 


f 
satisfactory basis for engine development wor! 
with changes in operating qualities or desig 
tion-chamber parts, timing, investigation of 
on. In fact, this is the only rational basis on 
pare the relative merits, detonationwise, of two ¢ 3 
signs, fuels, or operating conditions. Like any 
developed laboratory instrument, the detonat 
eminently successful for this purpose wh 
those experienced in its operation and upke F 

Testing to determine the operating limits 
detonation: Obtaining the answer as to the operating ; 
tions for damaging detonation is a more diff 
and much additional work remains to b 


larl he larger and lz nome le]. 
lariy on the larger and later engine models. 


established fact that under many conditions ( 


to € 


y neil 


incipient detonation is not damagin; 


w 
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lian ie of detonation which is damaging depends 
tee of additional operating conditions, such as 
ures and rate of oil flow (piston cooling). 


— jlish engine characteristics indicative of 







ition, a large number of testing cycles 







i€ 
Asse f the engine with relatively new pistons 
nbur! nbustion chambers. 
tadut test of the engine with certain cylinders 





d to indicate a certain level of detonation 






Disassembly and inspection of the cylinders, pistons, 





| so on, to determine whether damage has 





cvlinders which indicated detonation. 





testing is very expensive, not merely in 





re important, in engine, engine assembly, 





personnel 
other projects. Thus it is that all engine 
undergo considerable calibration and en- 


time, which is under heavy de- 







per interpretation of the apparatus to indi- 
detonation. ~Until this has taken place, use 
the det on detector as a means of determining dam 






mis not valid. 


Detector Equipment Instruction Manual No 
lescription of equipment, instructions for 


ind installation, and a list of parts.) 





SPERRY AMPLIFIER 





& POWER SUPPLY 








’ y < CONTROL _ ROOM. 
“Ns NSTRUMENT 
ye MENT 





In current practice at Wright Aeronautical Corp. the 
detector equipment has been developed in the form of 
simplified harnesses and quick-disconnect multiple plugs 
connecting the various components. Fig. 3 is a diagram 
matic sketch of the various apparatus including the pick 
ups, commutator, and leads attached to the engine, and 
unit containing amplifier, power supply, neon light, selec 
tor switch, oscilloscope, test circuits, and so on, located in 
the control room. The parts attached to the engine, plus 
the amplifer and power supply, neon lights, and selector 
switch are production parts of the Sperry flight detector." 
lo facilitate our laboratory testing on multicylinder en 


gines, the Wright Aeronautical Corp. added the comme: 
cial oscilloscope and test circuits, and arranged the com 
plete assembly in a convenient unit for a test cell control 
room instrument. Engines being prepared for test have a 
completely serviced detonation harness installed in the 
preparation room. To put the detector in operation at the 
test stand requires only plugging in the lead to the control 
room instrument and switching on the 110 v, a-c supply 
After synchronizing the oscilloscope sweep to the im 
pulse from any one pickup, a pattern such as Fig. 4A 
results, due to normal combustion in the engine cylinder. 
The horizontal, white line represents a trace from the 
oscilloscope sweep during the length of time the engine 
turns through 720 deg of crankshaft motion, and the dis 
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m Fig. 3— Electronic indicator equipment 
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turbanee near the center (see Fig. 4A) is due to combustion 
of a nondetonating flame. This disturbance is the output 
of the pickup during the time it is connected to the oscillo 
representing, in this case, 51.5 deg of crankshaft 
motion as 


scope, 
automatically selected by the commutator on a 
14-cyl engine. 

The relative 
increases to that shown in Fig. 4B when detonation occurs. 


value of this voltage trace is a one and 


In practice, this increase in voltage flashes the detector’s 
The 
a change 
4A to that 
A more expanded image of detonation 
5A and 
This form of trace is accomplished by 
Not 
nation indication is quite obvious, even though it 


neon light, thus attracting attention to the instrument. 
visual definition of detonation could then be: 


pick 


shown in 


in 
cup output wave from that shown in Fig. 


Fig. 


and nondetonation disturbances 


4B. 
is shown in Figs. 
B, -respectively. 
increasing t! 


that d 


’e horizontal gain on the oscilloscope. 


iS an instantaneous event. 

Fig. 6A is a photograph of an oscilloscope trace showing 
the normal combustion pattern from pickups on all cy! 
inders on a 14-cyl engine. This pattern changes (see Fig. 
6B) when detonation is encountered on one 
this case No. 


tion patterns. 


cylinder, in 
4, the other cylinders having normal combus 
Chis comparison of output patterns is shown 
only as a matter of interest since the normal operation 
procedure requires turning the cylinder selector switch 


“all” 


severely as soon as the first detonation signal is observed. 


from the position to the cylinder detonating the most 
Detailed procedure: 

a. In normal use the engine may be 
tended periods of time in a nondetonating condition, such 


operate d for ex 
as rich end of mixture control curve, endurance testing at 
maximum output, and so on, the selector switch being in 


the “all” 


bustion period appearing only on oscilloscope ). 


position (output of all pickups during the com 


any one 
pickup registers a higher amplitude on the 


oscilloscope as well as energizing the calibrated neon light. 


As the detonating condition is approached in 


cylinder, its 


This light flash attracts the operator’s attention and 
he turns the selector switch, observing the output from 
each cylinder alone. If operation is to be continued at this 
or at a greater detonation intensity, the established practice 
is to let the selector switch remain at the cylinder numbet 
showing the greatest intensity, that is, the greatest fre 
quency of light flashes. 

Scale of detonation intensity: In establishing the relation- 
ship between detonation intensity and engine life, some 
arbitrary scale of detonation intensities observed with the 
apparatus is essential. Enlarging upon the testing and in 
specting cycles mentioned above, each cycle is deliberately 
run at successively Table 1 
defines the detonation intensities standardized on for devel 


opment work. 


higher levels of detonation. 


As tar as we have been able to determine, the frequency 
at once has no 
effect 


of flashes when all cylinders are connected 
to the 
sustained by the cylinders currently detonating. 


consistently measurable relation damaging 


Table 1 — Wright Aeronautical Corp. Detonation Scale 


Degree of 


Detonation Description 
No. 1 One flash every 5 to 10 sec for a given eylinder 
No. 2 One flash every 2 to 5 sec for a given cylinder 
No. 3 Intermittent flashes 50 to 60% of time for a given cylinder 
No. 4 Flashing continuously but lightly for a given cylinder 
No. 5 


Flashing continuously, but brilliantly for a — cylinder 
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a. 6<f tion versus normal combustion — 14 cylinders se- 
lected 


ut happens as a result of endurance test 
tant detonation intensity No. 5, as indi 
r instrument. This record is a typical 
critical type of accelerated development 
veing done at controlled detonating con 


s the most durable cylinder design. This 


NORMAL 


Tip.c. COMBUSTION 
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ms Fig. 7— Effect of detonation on piston life (constant detector 
reading) 


comparison (Fig. 7) reveals that operation at 40 in, of 
mercury MAP produces more severe trouble in a shorter 
length of time than a test at the same engine conditions 
except at a lower power, that is, 35 in. of mercury MAP. 
Average detonation characteristics, and deviation from 
average for individual engines: It is emphasized that, al 
though the average detonation characteristics of a given 
model engine are rather quickly determined, an important 
concern of development testing is that of establishing th 
greatest deviation from the average value among individual 
engines and conditions. Development schedules necessarily 
must be lengthened substantially to evaluate a reasonable 


] 
range ol all these differences 
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, 
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PICK-UP 
(MAGNE TOSTRICTION) 


(A) NORMAL COMBUSTION 
EXTERNALLY MOUNTED 


PICK-UP 
(MAGNE TOSTRICTION) 





TRACE ———e 
m Fig. 9— Detonation pickup types 


c) DETONATION 


Some skepticism has been expressed as to whether the 
method of detection of detonation as observed on a single 
cylinder engine gives the same type of oscilloscope indica TRACE —p- 
tion on multicylinder aircraft engines. A brief picture of 
the actual problem is presented in Fig. 8. Fig. 8A shows 








a reproduction of an oscillograph trace showing the detona nation is just as apparent with a pressure type ol 
tion as observed on an early model, single-cylinder engine 
and as published in a NACA report.’ The engine condi 
tion is noted as 36 in. of mercury MAP, 1900 rpm, both 


for detonating and nondefonating combustion. Comparing 


actuated by combustion-chamber pressure as with a 
nally mounted, magnetostriction type of picku 

by the cylinder-head accelerations, which result, 1 
from the gas pressure waves. It is to be noted that the ™ 


these with the photograph in Fig. 8B obtained in 1944, on pickups in this case were attached to the same cyiitd 


head, the outputs being connected through an electroe 


one cylinder of a multicylinder engine running at approxi 
as ae 4 > ; ~ — : 
mately 42 in. of mercury MAP 2400 rpm, it is apparent that switch and photographed simultaneously « 
the frequencies are almost identical, and are well within ; 
. scope screen. 
the frequency response range (10,000 + 5000 cps) of the . 
' In making these photos the usual ping was piail 

present detector instrument. 


audible when standing a few feet from the engine 
Precision fabrication necessary for detonation detectors: 5 ; 





It is realized that detonation can be detected as readily multicylinder engines of high output on test stam a : 
with a number of different systems, but the point to be Cree other noises ee that listening for the pa 
kept in mind when considering engine development testing, is, of course, out of the question. 

regardless of the make of apparatus, is that all parts must Detection and evaluation of detonation, like othe! 
be fabricated to rigid dimensional and performance tol strument problems, become a matter-of-fact busin 
erances, and like every other precision instrument, a means more and more experience is gained in stering 


must be available for its calibration (comparison of the details of the problem. With the thought 
indication to a standard). Comparing photos A and B in 


highly technical subject is no longer complex 
Fig. 9 (obtained from Footnote 8), it is obvious that deto 


is thoroughly understood, a manual incorporating ™ a 





] } | | ‘A 
y > ; 17 I « = 2 OgTapnNn r¢ if - De r arly ie tbl 
Bee eked: Adeematindd Demac: Ma. 43 of Peele KA-41 lustrative photographs was prepared ear 
graphic Comparison of Outputs of Pressure Type (Combustion Chamt ing the principle of operation, details of 
and Magnetostriction Type of Pickup, CFR Single-Cylinder Eng . : 2 - , 
by V. Cornett and R. D. James. February, 1944 (restricted vice, and inspection ol the instrument on \ “4 
® Wright Aeronautical Corp. Experiment Division Detenation Instrue ; " ~ l : ee ee 
cent Sesteniee Wak nautical Corp. laboratory engines.” This 
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ern of the inquiries trom some 60 


On to operate thi is instrument. 


ictions Indicated Electronically 


is not only one of following proce 
laid « r recording data, but is also a problem 


e demands upon the test engineers to 


ngine as tested is correctly adjusted and 


ly as the test progresses. Continuous 


: of the latter items on present-day air 
eng ng many cylinders is made quick and 

2 W use ¢ pickup attached to each engine cylinder. 
vert xperience with the pickup output pattern 
oscille scope screen, the operator will know 


ther abnormalities shown in it are caused 








engine m ictioning ol cylinder components or equip 
and in this way can prevent waste of valuable testing 
with af properly adjusted engine. 


Oscillograph Recording — Fig. 10A shows an oscillograph 
‘ord of a normally functioning engine cylinder. This 
r lefinite change in pickup when the 
lowing conditions are indicated: 
Wi tl 1ust valve hits its seat. 


(A) ALL EVENTS NORMAL 


EXHAUST COMBUSTION 


EXHAUST 


INTAKE — 


VALVE CLOSING 


TEXHAUST CLOSING ABNORMAL 


a Fig. 


10 OVembes 


945 


gases passing 


b. When the intake valve hits its seat 


n the engine cylinder 


c. When combustion is normal 


d. When certain phenomena occur such as the exhaust 


; , . 
trom the cylinder 


Comparing that in 


Fig. 10A, it 


S 


1© pnotvtograpn in iy. 10D 
the photograph in | R 


5 


with 


is readily apparent that the intake valve closing 


is abnormal. The exact cause for the irregularity is not 


, , ] | } 
uways obvious, the usual practice being to service the 


cylinder assembly completely, which restores the pickup 
output pattern to normal, the cause sometimes being ; iscer 
tained or not. Another interesting pattern is shown in 
Fig. 10C, which portrays an abnormal exhaust valve 
closing. The valve clearance in this instance was discov 
ered to have changed 0.100 in. during the running of the 
engine. Frequently, an extra single vertical trace, also 


shown, accompanies valv g excessive clearance, this 
trace being in the vicinity of the normal disturbance caused 
by the exhaust. Fig. roD shows another type of pattern 
exhibiting extra noises in the vicinity of the two top dead 


center positions (length of trace 720 deg), and representing 
an out-of-round condition of 0.080 in. due to piston scoring 
The pattern had appeared normal a few seconds prio 

the time the photograph Was taken It is noted that one 
A CR ES genes AS a. ene a ates a 
of these hignh-amplitude disturbances occurs approximately 


INTAKE CLOSING ABNORMAL 
i=) 


pects Ahg AAs VAL VE 
®) sple)e) 


4 , 
>I INXS 


. i 
BLE 
=a 


CYLINDER OUT-OF-ROUND 


DETONAT 
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SOM MUTATED 


EXHAUST 

AND 

INTAKE 

VALVE CLOSING 
Be 


10 —Cylinder events functions 
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(D) HIGH AND VARYING 
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(ROTARY SWITCH) 


m Fig. 12 (below) — Pickup calibration — magnetostriction type 
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CONTACTS USABLE (ROTARY 
SWITCH) ~ 


NO OUTPUT- ONE PICKUP 


Wane RERATE 
Pach ti all 
gene 


; 


(2 


ae ppciommcacliggipill \ pe oaneigilaiaeds 


SOUTPUT OF 13 PICKUPS ON 14 CYL.EN 


PICK-UP OPEN CIRCUITED 
C-14 ENGINE 


m Fig. || (above) — Trouble shooting the instrument 


at the time of normal combustion, ther 
false indication of detonation. 

Past experience with this electronic indi 
visually on the oscilloscope screen many inst 
malfunctionings at the time the trouble first 
discovery leading to an investigation befor 
of the engine occurred. Such things as brok« 
and fractured knuckle pins have been disc 
experimental engines where the saving of t 
mental parts available meant a large saving 
time of the engine model. It is felt this s 
justified the development cost and effort 
instrument. 

Procedure jor Chee king the Electronic Ina 


lowing a short, well established procedure 











electronic instrument can be checked for nor 
thus ensuring accurate test data at all times 
lation of the test circuits in the instrument a 
to the operator in a matter of seconds t 
photographs reproduced in Fig. 11. 

Conditions indicated by test circuit mat 
Fig. 11): 

a. Fig. 11A: A perfect circuit is shown t 
tary switch (commutator) attached to the en; 

b. Fig. 11B: Intermittent contacts. 


No 











USABLE PICKUP 


NOT USABLE 
RESONANT 


NOT 


Ma tatne gta ' 
if 
NTT iui 
i 





. 13 -— Pickup calibration —- diaphragm type 


Contacts usable, but not in best of con 


High and variable resistances across the 


rotary switch, which in this case is not 


Shows oscilloscope picture with one pickup 
pen circuit, and so on. 

ional operational problems, their causes, 
tor them are summarized in the Wright 


19 
nual.’ 


r Calibrating Pickups - A means has been 
alibrating pickups before installation on 
in development testing demands that 

g undesirable characteristics be identified and 
be installed on engines, thus eliminating 

st stands. Although we do not always 
kups do not register acceptable output wave 
ificient for our use to be able to select by 
1 rig those pickups which are usable on the 

12 and.13 show oscilloscope records of some 

ncountered on inspecting pickups on a cali 

Che pickup is attached to one end of a rod 

1 by an impulse from an air-actuated hammer 

the other end. The hammer operates at 125 

econd. Current practice stipulates the use of 

ction type of pickup for full-scale engine use 

Novem 


1945 


because of the resulting uniformity of electrical characteris 
tics between pickups, combined with ease of manufacture. 





Sperry Supplementary Device — Additional experience is 
now being gained with a Sperry device supplementing the 
detector which automatically holds the engine in constant 
detonation. The device consists of a relay, actuated by the 
output of the detector, the relay in turn energizing a 


1 


motorized control, attached to the engine fuel metering 


device. Endurance tests on engines at constant detonation 
are made much easier to perform through the use of this 
device. As soon as an instrument is established for detex 
tion of a new phenomenon, there exists immediately a de 
mand for quantitative measurement. Development of th« 
detonation apparatus has proved no exception to this rule 
It has been recognized during the past two years that the 
arbitrary scale of detonation intensity defined previously 
falls short of the ultimate solution because of the personal 
equation. A meter now being developed is attached to the 
detector, which will enable the degree of detonation inten 
sity to be read directly from a calibrated scale. This inte 
grates the area under the oscilloscope time-voltage pattern, 
thereby giving the proper weight to both frequency of 
detonation occurrence and amplitude. The electrical devel 
opment of this knockmeter is being carried on by the 


Sperry corporation. 


{pplications of the Flectroni Indtcator By no 


has the ultimate been reached in the usefulness of such an 


means 


electronic instrument as herein described. It is believed 
that this type of instrument can be applied in the future 
to additional profitable use in checking service engines at 


overhaul depots, airline engines at terminals, and so on, 
and possibly in production test where part of the engin 
operation is on low-cost fuels. In summarizing, it is felt 
that aside from the material advantage gained through th 
use of this electronic instrument in test work, considerable 
faculty in the use of electronics in industry has been built 


up among a large number of engineers. It is expected that 


this experience will result in further new and improve: 


methods of producing a better engine product 
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“Silver Bearings,” by E. B. Etchells and A. F. 


wood, published in the September, 1945, SAE Journal 


Under 


(Transactions), should have the illustrations accompanyin 
the captions labeled Fig. 17 and Fig. 20 interchanged 
Thus, the illustration shown as Fig. 17 on p. 501 should 
accompany the caption labeled Fig. 20 on p. 502; and the 
illustration shown as Fig. 20 on p. 502 should accompany 
the caption labeled Fig. 17 on p. 501 
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NAVY EXPERIENCE with Diesee 


by LT.-COM. H. F. GALINDO, USNR 


Navy Department, 


Bureau of 


HE pertormance of diesel fuels and lubricants in the 

Fleet under combat conditions is naturally of great in 
terest to the petroleum and engine industries as well as to 
the Navy. The usual procedure for informing industry of 
performance of its products is to forward a long series of 
complaints after there is very definite evidence for the 
need of an improved product. However, the satisfactory 
performance of these products is usually not too well 
advertised. 

The petroleum engineer naturally wonders where he 
stands in his program of development of fuels and lubri 
cants with regard to the relation between his laboratory 
tests and performance under full-scale operating conditions. 
It is appreciated that negative results with regard to com 
plaints can be very gratifying. On the other hand, they 
can also be a little disconcerting. No one can be sure that 
lack of complaints are due to satisfactory performance, or 
just the “calm before the storm.” 

Many field difficulties are never reported until the accu 
mulation of casualties becomes very high, and then the 
avalanche descends. One of the difficulties in obtaining 
satisfactory field performance results on fuels and lubri 
cants in the Fleet is the lack of personnel able to make an 
unbiased analysis of casualties. Mechanical failures and 
those due to fuels and lubricants must be carefully differ 
entiated. The Bureau of Ships for several years has been 
assigning petroleum engineers to combat areas, to the staffs 
of various Fleets, and to major shore activities. The results 
reported from the field by these men are based on a com 


[This paper was presented at a meeting of the Cleveland Section of 


Ships 





mon language understood by petroleum technicians 
where, and a much closer contact is now possib 
engine operating problems in she Fleet. 

The purpose of this paper is to present in 
way some measure of the performance of dic 
lubricants. Field reports have been very com 
statements are made to the effect that “perfor: 
fuels and lubricants in this area has been satisfacto: 
This type of report is now being replaced by more 
information from petroleum specialists in the field, 
attempt will be made to present such data as 1 
interest to the industry. 

After evaluation of many engineering repor 
general statements can be made: (1) diesel fuel in a 
ance with Bureau of Ships Specification IN 
completely satisfactory, if it is furnished free of 
tion; (2) heavy-duty diesel lubricating oil in a 
with Navy Department Specification 14- 
extremely satisfactory performance in all types of ser 
all combat theaters. 


4 


@ Fleet Performance of H-D Lubricating Oi 


In view of the fact that heavy-duty lubricating « 
developed specifically to eliminate bearing corrosio1 
alloy-type bearings, prevent ring sticking, and redu 
gine deposits in all types of internal-combustion engin 
the efficiency of this lubricant in Fleet performat 
evaluated in the following paragraphs. 

The following statement describes the engine inspect 
made on Gray Marine 6-71 engines used in LCM 
























































the SAE, Cleveland, Ohio, May 17, 1945.1 LCV’s in southwest Pacific landing operations: “G 
7 engine condition on insp 
- ik Pihadieiaa number of engines undergoing 
_ T | T haul reveals normal cond 
z | | | | | | wear and engine fouling 
a — i | — | | were moderately coated wit 
. | | | characteristic oil ‘soot paste 
u | | light coating of black lacqu 
z 200p-——_}——_+-_ —___+_ __ 1 +>—_+-—J on the thrust surface. Ring g 
5 | | ° | deposits consist of a moderat 
¥ i —_ po}oo Sh aha aici a Ss Pe | = hard carbonaceous mate ‘a 
° fas sro er ee ee eee | oo rings were very rare. 5 lUgE™: 
ogo of 34) Sahgpo ges °§ . © | 3 | | airports was negligible. | 
. “2 : 10 5 20 25 30 35 40 x 50 55 and liner wear was low 7 
NEUTRALIZATION NUMBER dence of fatigue or er “ 
= Fig. | — Neutralization numbers of NS 9250 lubricating oil plotted against hours of opera- re observed in the beat A - 
tion in Gray Marine GM 6-71 diesel engine amined. In one company, Cif 
ferential grooving of the cranksit 
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LUBRICANTS 


assertions contained herein are the private ones 
are not to be construed as official or reflecting 
> Navy Department or the Naval service at large. 


ndicated circulation of dirty oil. This 
a shortage of oil and filters during a 
vhich necessitated over-use of both oil 
Engine oil is changed every 50 hr and filters 
100 hr.” 
laboratory equipment is available, anal- 
nade of lubricating oils to check particu 
ty and fuel dilution. Fig. 1 shows a plot of 
mber versus hours of operation in Gray 
esel engines using Navy Symbol 9250 oil. 
vas made on landing craft operating between 
France from “D” Day on. Although neutral- 
has never been completely satisfactory as a 


‘ ‘ 
iting oll condition, it has served a very 


Fleet with regard to preventing bear 
illoy-type bearings. In all the amphibious 
Furopean theater, there have been no 
g corrosion tound. 
seen from Fig. 1, draining of oil at neutraliza 
, as practiced by the Navy, gives a reason 
service and at the same time ensures that the 
lity is below that which will corrode alloy 
neral Motors 71 engines run on the test stand 
eering Experiment Station, Annapolis, Md., 
) a neutralization number of 0.5 in a period 
o 300 hr. Fig. 2 presents neutralization num- 
irs of operation data on a General Motors 
67 diesel engine. The plotted points are quite 
no difficulty is evidenced in keeping the 
number below 0.50 with reasonable periods 
ration. 
represents data ob 
European theater on 





NGINEERING reports show, Lt.-Com. Ga- 

lindo says, that the following statements can 
be made about the performance of diesel fuels 
and lubricants used by the Navy under combat 
conditions: 

|. Diesel fuel in accordance with Bureau of 
Ships Specification 7-0-2(INT) is completely sat- 
isfactory if it is furnished free of contamination. 

2. Heavy-duty diesel lubricating oil in accord- 
ance with Navy Department Specification 
14-0-13 has given extremely satisfactory per- 
formance in all types of service in all combat 


theaters. 
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THE AUTHOR: LT.-COM. H. F. GALINDO, a 
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eum Section, Bureau of Ships 
preparation 


for use in the 
lifornia 
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In one southwest Pacific base to which the Navy has 
assigned personnel and laboratory equipment to check fuels 
and lubricants, it was found after an initial survey that 
approximately 10% of the used lubricating oils contained 
more than 5“ fuel dilution. About 20% of the oils had a 
neutralization number of greater than 0.50. In other words, 
a laboratory checkup in the field was a very definite safety 
feature. laboratory 


This particular investigation deter 


mined that in most cases the ships’ force did not realize 
they were getting fuel dilution even in cases where thx 


amount of dilution was above 10%. Small portable vis 


cosity gages are now provided for most diesel-driven ships 


as a rough check on fuel dilution if laboratory facilities are, 
not available. 

In connection with the use of neutralization number to 
evaluate oil life, Figs. 4 and 5 are of interest. Although 
they apply to turbine oils, they are presented in this paper 
for information. The Bureau of Ships requested these data 
from destroyers operating on both Navy Symbol 2190 and 
Navy Symbol 2190-T oils during the period in which 
2190-T was replacing 219@ for Fleet use. The points are 
quite scattered but a mathematical evaluation to indicate 
the trend of acidity versus miles of operation is plotted in 
the illustrations. There is very definite evidence that the 
oxidation stability of Navy Symbol 2190-T is much superior 





involved in cross 


rations. Fig. 3 presents 
which were obtained in 
ihc operations as well 
pean theater of opera 
based in England. It 
to note that the curves 


more severe opera 





turopean theater, but 


be sufficiently ac 
fy this statement 
main purpose of the 

that no bearing 
rs in service. On this 


fhciency has resulted. 
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m Fig. 2-—Neutralization numbers of NS 9250 lubricating oil plotted against hours of 


operation in GM 12-567 diesel engine 











500 



























































Q 
WwW | | 
3 } 
" 400 
a er ~ ’ 
2 | f 
re) AVERAGE OF PACIFIC ——r 
a | _ 
@g 300 -————__;——_ 7 5 ° ——° 4 = — 1 
a - 
@ glee ” 
J “a 4 AVERAGE OF ATLAN 
- 
wo ag 7 
x 200 —_——$———— ~o iw ~o | 
wae tT 
- ¢ | 
~- - ¢ | 
| 
| 
en ‘ 
00 ~~ $4 4 © ~—— 4 
© + 4 
| 
| 
© = TWO READIN N SANE je 
oO | 0 
0 05 io 5 20 25 30 35 40 45 50 “=a 8 


NEUTRALIZATION NUMBER (MG. KOH/GM) 





a Fig. 3—Rate of acidity development-—NS 9370 lubricating oil—Superior GBD-8 diesel auxiliaries 


ay 
to that of 2190 in Fleet service, particularly in tropical detergency of heavy-duty lubricating oil. Com. \\ 
operations. The present status of oil analysis indicates that Waters has furnished a very fine report covering i 
oil changes necessitated by excessive oxidation will not be tions of engines on surface craft and submarines operauy 


a problem where Navy Symbol 2190-T is used. 


The petroleum industry, as well as the Bureau of Ships, by Lt.-Com. A. D. Brabbs of the Engineering Expe 


in southwest Pacific waters. These data have be 


aNaly2q 








has always been concerned as to the correlation of labora- Station in order to present some picture as to the ¢ 
tory engine tests with Fleet engine performance, particu- tion of laboratory and Fleet engine inspectior . 
larly with regard to engine cleanliness as a measure of common rating system. co) 
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lescriptions of engine condition of 26 
1) submarines were carefully checked by 
ind his analysis of the report is presented 
esults of oil approval tests run in similar 
lis are shown also for comparison. 


Table 


Average Results of H-D Oils Operated in Pacific 


Fleet versus Results of Same Oils Tested at USN 
Engineering Experiment Station 

; USN Engineering 
‘ Pacific Fleet Experiment Station 
oe name of Engines 16-248 and 278A —s-16-248A and 248/278 
1 JmbDer as 26 3 

Our eration on Oil 800 to 1500 500 

. 9 . Io Pinched Qa 105 

0 ts Medium Lacquer Light Lacquer 
m= 1 9 Jeposits Light Light 
- a eposits Light Light 
mm ate p Ring Deposits Heavy Medium and Heavy 

ni trietion Clean Clean 
Pa udge Trace Clean 

Q 27 Fings pinched of 2912 compression and oil rings inspected. 

" Pings pinched of 336 compression and oi! rings inspected. 

Movember, 1945 
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mt 
a is a description of General Motors Fig. 6 represents typical pistons chosen by Lt.-Com 
567A spections on an LST. This description Brabbs to illustrate the ratings assigned in these evalua 
as received in the field engineering tions. The data indicate that 800 to 1500 hr of Fleet per 
repo: n engines of LST ‘X,’ which were said formance in these submarines is a little more severe than 
tc be 1 re in excellent condition with a total of the 500-hr runs made at Annapolis to evaluate heavy-duty 
ap): hr (2500 hr since the last overhaul). oils with respect to engine cleanliness. Ring sticking data 
and all bearings were in excellent con- are particularly interesting, as a very close check is ob 
jon, sligible wear and no evidence of corro- tained between Fleet and test stand operation. In this 
men or crach Pistons were coated with the usual black connection, a Fleet report is quoted as follows: “As a rule 
$00" still showed the original tin-plated sur- the second ring is stuck on the aluminum pistons of the 
fie. \ re free. Air box deposits were acceptable Model 16-248 engine, although occasionally the third or 
an cleanliness excellent. As a rule only fourth ring is found stuck. Rings are normally free on the 
a ng is replaced on these engines during cast-iron pistons of the Model 16-278A engine, but occa 
Fer! sionally stuck rings are found, the tendency again being 
(6 


toward sticking of No. 2 ring.” 

In this Fleet performance report it was also pointed out 
that two types of heavy-duty oils were used - one, a me- 
dium V.I. type, another a high V.I. type. The report 
indicates that carbon deposits were slightly harder for the 
high V.I. oil, that some engines showed a small amount of 
carbon scratching of aluminum pistons due to dragging of 
carbon deposits on the thrust side. There is some evidence 
to indicate also that air box deposits were slightly heavier 
with the high V.I. oil. However, the differences were not 
very significant and the high V.I. oil was considered satis 
factory in performance in every respect. 

In test engines run at Annapolis high V.I. oils generally 
form harder carbon deposits on the top lands or area above 
the top ring than do the lower V.I. oils. However, scratch 
ing of liners and pistons has not been excessive. Deposits 
in ring grooves and on the lands are generally less but of 
a more brittle nature for high V.I. oils. The piston skirts 
are usually cleaner and the oil system sludge deposits are 
less for high V.I. oils than those of the low V.I. These 


) 
| 





= Fig. 6—Representative S/M type of engine pistons from Pacific theater (left) and Engineering 
Experiment Station (right) operated on same heavy-duty oils — antithrust faces 


Pacific Theater 
Heavy 
Ring grooves and lands Light 


Area above top ring 


Skirt lacquer 


differences are more pronounced for small, high-speed 
diesel engines than for the submarine type of engines. As 
nearly as can be determined, the differences in performance 
of the two types of oils in the Fleet are very much in line 


with ratings made on test engines at Annapolis. It is very 
evident that the oil rating system used on the large sub- 


marine type of engines apparently has been very successful 
in predicting Fleet performance. 

Another interesting item in connection with this sub 
marine operation is the fact that these engines operated for 
a period of at least eight months on diesel fuel with a 


( 


sulfur content of 1.0%. Although certain investigators 


SPRAY TIP 
VALVE SPACER 


SPRAY TIP 
VALVE SEAT 


Experiment Station 
Medium 
Light 


Medium Light 


have shown that high sulfur content is detrim 
engine cleanliness in some diesel engines, the 
apparently is not appreciable. 

As can readily be seen from the data presented 
formance of gooo series lubricating oils with 
eliminating bearing corrosion, preventing ring s 
and reducing engine deposits has been highly succes 
judged by reduced engine maintenance. There | 
operating problems connected with the use of h 
oils which include foaming and a tendency to en 
the presence of water, but all of these troubles | 
of a minor nature. The foaming problem has b 


a Fig. 7 — Effect 
10% sea water en- 
trained with fuel 
on corrosion of fue 
injector parts — 650 
hr with injector 
driven by electr 
motor and spraying 
into atmospheré 


SPRAY TIP 
VALVE 


COMPLETE FAILURE 
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since a foam inhibitor was incorporated 
sricants. The susceptibility of these oils to 
vith water has never been completely cured 
erty which bears considerable improvement. 
that the additives responsible for the good 
oils are responsible also for emulsification 
efore, the solution of this problem is not a 
However, the improvement of this feature is 
le research goal. 


Performance of Diesel Fuel 


erating problem involving diesel fuel under 
ns has been due to water contamination of 
ice. This situation has been thoroughly 
corrections have been under way for a 
e. These corrective measures have been 
nt, involving changes in short tankage and 
in ship designs of tankage and piping, 
water removing auxiliaries such as cen 
tors, and filters, and particular emphasis on 
versonnel. However, in all these many changes 
ilance has to be made with regard to practical 
cedures, design of ships’ installations, and 
practical designs and sizes of water separating 
juipment. 
V. Nutt, at the Engineering Experiment Station, 
, Md., has been doing some very interesting work 
n the effect of salt water in diesel injection sys 
arrive at practical limits of allowable water 
liesel fuel aboard ship. This work is being done 
t proper limits for allowable water content in 
th design of filters and water separators. The 
tion of most people would be to say that there 
water in diesel fuel supplied to the engine. 
this is the Navy’s desire, and every attempt is 
to attain this goal. However, we must appre 
water problem is with us, particularly while 
yperating in the Pacific and many of the fuel 
floating storages. 
peaceume operations with adequate settling 
water in diesel fuel is no real problem. 
diesel fuel for operations in England and 
sO In some ways similar to peacetime opera- 
torages were available in England in which 
built well in advance of combat operations, 
ite settling time in most cases was available. 
that this is the main reason for the general 
troubles in this operation. However, in the 
operations have been continually on the 
of the fueling operations are from tankers 
vhich act as refueling agents. 
ring Experiment Station has recently run 


OvVembe . 
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some interesting engine tests in which synthetic sea water 
was dispersed in diesel fuel. The engine used for test was 
a Gray Marine Model 64HNo 
daily load cycles: 


No. ot Hr 


run under the following 


Rpm 
2100 
2100 
I500 
1800 
1890 160 


In addition to engine runs, bench tests have been made 
to measure the effect of sea water contamination on diesel 
fuel injectors. 

Figs. 7 and 8 illustrate rusting effects on injector parts 
in a test consisting of spraying diesel fuel containing 10% 
sea water through an injector. Actually, this amount of 
contamination is an extreme case. 

In order more nearly to simulate operating conditions 
with salt water contamination, the above engine was run 
with 2/10% salt water dispersed in diesel fuel. After 85 
hr of operation, the condition of the injectors is shown in 
Fig. 9. In this particular run a piston failed as shown in 
Fig. ro, in which a hole was burned completely through 
the piston head. This piston failure may or may not be 
directly attributed to the nozzle tip failure, but both fail 
ures did occur simultaneously. 

Fig. 11 shows the effect of 2/10% salt water contamina 
tion of diesel fuel on the sintered copper filters used in the 
injectors after only 40 hr of operation. 


a Fig. 8 — Effect 
of 10% sea water 
entrained with 
fuel oil on cor- 
rosion of fuel in- 
jector parts — 650 
hr with injector 
driven by electric 
motor and spray- 
ing into atmos- 
phere 
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m Fig. ?-Nozzle tips from diesel engine after 85 hr of operation 
with 0.2% salt water in fuel oil 


Fig. 12 shows the type of foreign material found in the 


fuel system after 20 hr of operation with 2/10% salt water 


in the fuel. These particles would not be removed by the 
ordinary absorbent-type fuel filter arrangement and were 
found between the absorbent filter and the fuel injector. 
These conditions appear to be extremely severe but there 
are reports of service which indicate that this same situa- 
tion has occurred in diesel craft in the Fleet. As an ex 
ample, a letter from the skipper of one landing craft is 
quoted: “It is the opinion of the commanding officer that 
the fuel received from an LST contained some chemical 
agent that attacked the bronze filters of the injectors, caus 
ing them to disintegrate and foul the injector parts.” As 
can readily be seen from some of the illustrations, the 
action of salt water is so rapid that its sabotaging action is 
as effective as that of many chemical agents. 

In successive tests, the Engineering Experiment Station 
has been running its test engine with contaminated diesel 
fuel after removing the sintered metal filter from the in 
jector system. At the time of preparation of this paper, 
after 45 engine hr the injector diameter increased 14 
microns. The specific fuel consumption rose from an aver 
age of 0.475 to 0.485. In other words, it is evident that salt 
water will do a great deal of damage over and above that 
caused to the sintered metal filter. 


In connection with the studies going on at the Engineer 


a Fig. 10— Piston from diesel engine after 85 hr of 
0.2% salt water in fuel oil—piston probably failed 
nozzle tip failure 


ing Experiment Station to determine the pra 


various water separating devices, Fig. 13 show 
rates of salt water as measured in two diesel 

at Annapolis. Both of these fuels are normal, 
clean diesel fuels, and without any contami 
requires approximately ro hr settling time f 
content to fall below a value of 0.1 in one pa 


In view of the fact that it has been found t 
0.01% of Bunker fuel contamination will mak 


NOTE DISAPPEARANCE OF METAL 
PARTICLES IN THESE AREAS 


40 HRS. OPERATION 


a Fig. I) —Failure of sini 
metal filters caused by 0.2%, 
water entrained in diesel fu: 
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made by industry toward the proper education of personnel 
in this program will be of great value to the Navy 


most impossible, the necessity for handling 
extreme care is readily understood. 
‘trates the amount of rust which may be 
system on the discharge side of a filter 


@ Summary 
materials are used in its construction. All 


erating difficulties are being carefully eval . It is hoped that the data presented herein will give a j 
aaah tik te tai: oa ee ne single little clearer picture of operating performance of diesel ; 
ure will be sufficient. It is believed that the fuels and lubricants, = well as some of the operating prob | 
aa qian Uiieeiein ci ak dicate lems. Probably no oil technician will ever be completely 
Bagge yt fae ins Se a Att ie satished with regard to results in service unti) he personally i 
emerees from the injector in a dicecl engine inspects an engine which has returned from combat duty : 
ng Betts ai. ae i his ~ Naturally, this would be an ideal arrangement, but possibly 
seni ae are being presented with a second-hand picture of oil performance as present« d 
shine tadiiiel wide weno ak te herein will be of some help. The contributions made to 
re Wing te "sell gga Sassari eee this paper by Com. M. J. Waters, Lt.-Com. A. D. Brabbs, 


and Lt. H. V. Nutt are gratefully acknowledged. 
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a Fig. 
Demulsification characteristics of diesel fuel oil 


14-—Result of using ferrous materials in construction of 
diesel fuel filter element — rust formed at lower end of element on 


discharge side —time in service: 2 months 
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m Fig. | — Compression diagram — backflow and adiabatic 
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or of recovery of original sea-level horsepower at moun 
tain altitudes, forces the supercharger into front-line con 


°S 
sideration. The | h rer | } 12 mtial f 
I at ne supercharger has become an essential for 


gasoline engines in aviation, because the loss of power due 


to altitude, and consequent lowering of ambient barometer, 


1S much More pronounced than tor any sround vehicle 


We have passed 40,000 ft, barometer 5.54 in. Hg, and are 
talking 50,000 ft, barometer 3.42 in. Hg. 

In order to fool the engine into thinking it is still work 
ing at ground level, a supercharger with a compression 
ratio of 8.5:1 must be provided to do the “kidding” at 


50,000-ft altitude. For a mountain pass at 15,000 It, a ratio 
of 1.8:1 is required for a nonsupercharged engine. If the 


engine is supercharged to 8-psi boost at sea level, it would 


require a ratio of 2.8:1 for full power at 15,000 ft 


1 


i] 
or axial turbine types in which delivery pressure or rather 


if 


1 1 1 

[he two major classes of superchargers are: centrifug: 
pressure ratio is dependent on intake absolute pressure and 
rotative speed, no fixed delivery volume: and positive dis 
| 


acement, in which pressure is not determined by speed, 
volume delivery of free air is a function of rotative speed, 
1 1 , - . 

ind volume oft compressed delivery alr 1s a function ol 


speed and pressure ratio. 

Positive blowers can be again divided into adiabatic 
compression and backflow compression. The familiar Roots 
| f 


Class Ol 


blower is a backflow compression device; there is 
no change of volume of the charge in the impellers and 
consequently no compression. The charge is delivered to 
the discharge side, at substantially intake pressure, and 
must be compressed by a backflow of previously deliv 
ered air. 

The pressure-volume diagram (Fig. 1) shows the oper 


ation; the displacement work against static pressure 


1S 
given by the square indicating card (po Pi) (Vv v.) 
or a-c-d-e. This area has usually been assumed to be the 


work done by the backflow compression method. How- 


{This paper was presented at a meetin f the ( 
the SAE, Cleveland, Ohio, May 17, 1945.] 
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necessity for increasing specific horsepower output, 





ever, this is not correct, as this amount ot w 
sents the delivery and not the compressi 
to c, which must be provided somehow; 


the energy in the air previously compressed 
flowing back into the displacement chamber 
However, the total work done is not as mu 


by the entire pressure-volume diagram f 

7 | 
lue to the fact that only the first portior 
: 


ir expands te the back pressure; but witl 


already in the displacement chamber bein 


i 


less and less of the expansion energy of the backt 
used until finally nothing but the delivery ene: 


Roughly about one-half of the energy of ex} 


. " } 
the delivery energy in the backflow air is « 
this appears in the rotor work as an impact pt 


rotor lobe which is due to the jet of backti 
brought to rest in the displacement chamb 
check | 1 

shows the above reasoning to be well support 


yetween the calculated flow and act 
backflow compre ssion occasions an increasing 
sure ratio goes up. This loss ifter 1.0 col 
can no longer be oftset by vood volumetri 
low mechanical losses 

The vane-type supercharger, the Elliott-I 
type, and the writer’s internal-gear type, 
ranged for a true adiabatic compression; the 
line follows a — & in Fig. 1. These compress 


possibilities for the higher compression rati 
required. 

Centrifugal, or lately axial-flow turbine, c 
just like fans and centrifugal pumps in gener 
tics; that is, at constant intake pressure, del 
is largely controlled by speed. That is, if 
were applied to a truck engine, designed for 
top speed of 2000 rpm, at 1000 rpm the bo 
only one-quarter, or 2 psi. The reason the 


I 


had such wide application for aviation en 
usually the airplane requires boost only for sj 
cruising and take-off; since cruising revolutior 
are usually about 85% 





of take-off (maximum 
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PERCHARGING 


ot maximum. This 1s satistactory tor 
sideratum at cruising speed is economy, 

over the kinetic supercharger, either radial 

mple machine. But for ground vehicles, 
centrifugal 1S almost useless. It 1S quite 

3 nstant-speed drive could be used, indepen- 
1, for example an exhaust-gas turbine, 

ng: in this case, constant boost could be 

ngine speeds. The penalty is that the 


far be low its 


{ 


at other 


in that for which the blower was laid out. 
a 


x best efficiency 


supercharger is of considerable 


lower efficiency means more parasite 
he engine to get the same | An 


efficiency the 


00ST. 
on temperature 


rotary superchargers put nearly 


ol 
all 
the delivery air, along with the compression 
1 temperature, which reduces the density 
For spark-ignition engines, detonation limit 


} 
\ ré 


ol 


by increase of manifold temperature. 

effect does not occur, but the rise of 
quent on lower blower efficiency raises 
throug! 
ld fill a book, so we have selected the 


to 


the engine cylinder. 


yt 
1 


1e data on all sizes and kinds of 


e) 


500 cfm as being in the middle of 


or interest. 


blower, now made in detail modification 


racturers, 15S shown in cross-section In 


form is the original Roots arrangs 


one 


ers like the three-lobe form, as 


cutting 


he two-lobe form has four approximat 


ry charges per revolution, the three-lobe, 

the volumetric efficiency for four blowers, 

it vely slow speed. 

really only two sizes as lines, since the 

tors and center distances occur in pairs. 
rotary pumps, the manufacturers us¢ 


tor lower pressure range, in this case 5 
ply cut the length of face for higher 
keep the bearing loads the same. Thus, 


utes, bearings, and pilot gears can be used 
e only change being length of shafts and 


housing. 
very plainly the effect of size and speed on 


mbering that delivery follows speed closely. 


ointed out that real slip or leakage in rotary 


iimost 


exclusively a 


function of pressure 























m Fig. 2—Two-lobe and three-lobe, Roots-type blowers 
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a , 1 
aifterence, since viscosity Of air Goes enter because the 


, ve - . 
capillary seals are all “rough, and speed does not appear 


directly. But there are two indirect effects that alter the 
apparent slip. 
[here are dynamic losses in entry and discharge; the 


| | 
centrifugal force of the air in the impe llet pockets Opposes 


the inflow, and there are other impact and friction losses 
Asa 
consequence, the air actually trapped in the pockets to be 
transterred to the discharg: 
than at 


from the air diving around corners to fill these pockets, of 


| ] 
continually C hanging shape a very tumultuous flow 


| 
is at a lower absolute pressure 


at 
rotaries 


inlet, therefore the apparent delivery in tree au 


intake measured pressure is reduced Further, al] 





HILE the centrifugal supercharger is excel- 

lently suited to aviation service and to rela- 
tively constant-speed, diesel-engine service, Mr. 
Pigott states, it is not of value for cases of con- 
siderable variation in speed where full boost is 
required at all speeds. 


The Roots-type blower, the author says further, 
has had a justified development for low-pressure 
boost, but is not valuable for compression ratios 
much in excess of 1.6 because it has no adiabatic 
compression. The vane-type supercharger, while 
it has an adiabatic compression, as so far de- 
veloped appears to the author to be somewhat 
complex in structure, requires internal lubrica- 
tion, and has not yet shown satisfactory effi- 
ciency compared to other types. 


The Elliott-Lysholm screw-type and the new 
P. L. internal-gear type appear to him, however, 
to give great promise for satisfactory super- 
charging at the higher pressures beyond the 
range of the Roots type, and appear to be the 
best present line of development. 


THE AUTHOR: R. J]. S. PIGOTT M 8 r 
vriter of technical artic] vhich have appea e 
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R h & Develop: nt \ Hi i s i 1s have 
roucht 1 30 + P ring , i —_ 

au rn¢ er et } id s fart 
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a Fig. 6—Overall efficiency plotted against 


speed — Roots-type 
blower 
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a Fig. 7—Discharge temperature plotted agains! 


type blower 








m Fig. 8—Transverse section of vane-type sur 


except the vane type have some clearance 
rotor shapes do not permit of zero clearas 
charge-pressure air trapped in the clearance 1 


the suction side, just as in a reciprocating co! 


cuts down the effective displacement (see 
net result of these conditions is that the ap 
measured by difference between free air di 
and displacement, increases quite noticeably 

Examination of Fig. 4, overall efficiencies, s 
pronounced effect of lack of adiabatic com 
Roots type is a very good blower for low 
exceeding, say, 1.6 pressure ratio. Above 
badly. 

Figs. 5 and 6 show the corresponding eff 
single size Roots type, relatively high spec 
efficiency (Fig. 5) is here plotted against pr: 


of speed, to show the effect of speed on volum<« 


more clearly. This is the plot usually employ 
handling liquids. 

Pig. 7 shows the discharge temperature (fr 
for the supercharger of Figs. 5 and 6. The 
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speed - Rook 



















3000 4000 
SPEED-RPM 
a Fig. 10-Overall efficiency plotted against speed — vane-type 
1 supercharger 


I 15 in. Hg boost (from 14.7 psi, 70 F) is 

or 46 F; for 5 in., 25 F, showing very clearly 
t kflow compression loss. 

supercharger is shown in Fig. 8 (an 

g Although, as pointed out previously, this 

I e arranged for full adiabatic compression, 

ex: it does not appear to be laid out for more 


ric efficiency, overall efficiency, and dis 

charge t rature are shown in Figs. 9, 10, and 11. Re- 

ts ar nly not too good, the volumetric efficiency 

g not Y poor. 

The ces gal type is shown in Fig. 12. No axial 

t ive yet been built in quantity in the sizes 

only for 1500 cfm and up for aviation use. 

o way of measuring the volumetric efficiency 
plot is not used, only overall efficiency. 

1u he nature of the beast, plots of efficiency 

gainst « t speed, varying pressure, or constant pres 

re, Var peed, are of no value. The plot generally 

speed, pressure, and delivery at best eff- 

' usually accomplished in testing, as shown 

rig simply employing a thin-dise orifice on the 


ndition is practically what obtains in appli- 
gine with geared drive, this plot, at best 

ow for each speed (Fig. 13) is satisfactory. 
y obvious that the centrifugal would not be 
truck engine, where reasonably constant 
it widely varying engine speed. 

a low of 50% overall efficiency, found in 
commercial designs, is shown; only one 
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m Fig. 12-Centrifugal supercharger 
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reached 70% in this size range. It is a fact, just as in 
centrifugal pumps, that the efficiencies of various designs 
can vary over quite a range. In general, this is not so much 
the case with the positive blowers. Another point should 
be observed — that size affects kinetic devices more than 
positive displacement devices. It is relatively easy to make 
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Fig. 17 — Discharge temperature plotted against speed — 600-cfr 
rotary compressor (approximate performance 
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efficiency plotted against speed — Elliot- 


Lysholm supercharger 










nearly as efficient a 300-cfm positive blower as one of 120 


cfm, but it is a tough job to make a small centrifugal 
blower approach a big one. 


The Elliott-Lysholm screw-type supercharger is an inter- : 
: 1 : ; m Fig. 18 — Cross-section of P. L. supercharg 
esting development. ca 
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a Fig. 19— Axial-section of P. L. supercharger 


vs the cross-section contour of the screws, and 


\ 


1al arrangement, taken from the above paper. 
overall efficiencies for a 500-cfm unit are 
15 and 16, replotted from the above refer- 
shows the discharge temperature from a 
lower, 80 F inlet air. These results are 
so far considered. The machine for which 


ire plotted had a fixed compression ratio 


gn, similar in general characteristics, is that 


the writer's internal-gear pump, shown 11 


and overall efficiencies are shown it 
The supercharger has a fixed compression 
ch accounts for the sharp fall-off in overall 
ind 5 psi. The blower is then overcom 
lerably, and would perform more like the 
lines, if designed for, say, r 5.2. 
ott-Lysholm and P.L. superchargers can be 
y reasonable compression ratio, to suit the 
ires on which they are to be used. This 
rge flat efficiency range. The P.L. super 
ed was intended for use on 8- to 18-psi 
een built and tested in only one model, 32 


1943, pp. 193-197: “Elliott 
R. B. Smith, and W. A 


4 
NOVEM 


cfm at 10 psi, but two other sizes are awaiting reduction 
of war pressure for completion and testing. Tests were run 
on three different units of this size, at Gulf Research & 
Development Co. laboratory, and two independent labora 
tories. The results check quite satisfactorily 

It will be noticed that the temperature rise in the Elliott 
Lysholm and P.L. superchargers (Figs. 17 and 22) is very 
similar, and indicates the advantages of a design employing 
adiabatic compression for higher pressures. 

Summing up, the centrifugal supercharger is structurally 
very simple, but is not adapted to furnishing approximately 
constant boost for an engine at widely varying speed. It has 
had an entirely justifiable growth in use for large stationary 
diesels running at constant speed, because it can be very 
well adapted to such cases. Its efficiency is much improved 
One objection to use on road vehicles is the higl 


rotative speed combined with small shafts and bearings 


by size. 


Road shocks won't do it much good. 


Che Roots blower IS a simple, ed agevice, well 


rugy 
adapted to the needs of road vehicles, and has had a good 


development for both diesels and spark-ignition engines; 


but it is definitely limited in pressure range. It is satisfac 


tory up to 7:5 psi, usable at ro psi, no good above that 


The vane supercharger has had a little development in 
It do ; 


Europe, less here. not, in designs so far developed, 


show as good efficiency as the Roots type, and in genera 
has more bearing surface to be lubricated, and a more 


complex design. There are ro ball bearings in the desig 
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of Fig. 8, two for each vane and two for the main shaft. 
It requires internal lubrication for the vanes, which is 
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a Fig. 22-Discharge temperature plotted again: 
supercharger 












detinitely objectionable for a diesel. If the y 
succeed, it will probably need a considerab 
number of vanes, as has been proved necessary in the 
of compressors built in this country for stationary duty 

The Elliott-Lysholm shows the best efficiency , 
development so far, is quite simple, and can b operated 
very high speeds if desired. While the develo; ent 
period of 10 years took place mostly in Sweden, we 
stand it is about ready for production here. 

The P.L. supercharger, as stated, has had little d 
ment, but it shows excellent possibilities. The 
first model showed overall efficiencies of 64% at 
a 320-cfm size is sufficient excuse for presenting it. Tt 
type also does well at high speed; both the Elliott-Lysholn 
and the P.L. have been successfully operated in the size 
range under discussion at 10,000 rpm. The P| 
charger will probably go into production withi: 

As pointed out, the characteristics of the 
blower are well suited for constant, or nearly constant, 
engine speed operation, but not for varying speed, such a 
occurs in all automotive operations. 

All the positive displacement blowers can be matched | 
the engine demand fairly well, as the engine is als 
tive displacement device. 

But since, in addition to inlet losses, similar to those 1 
the induction side of the engine, tHe blower ha: 
siderable slip from the pressure difference, the 
the blower does not match the engine demand at constant 
boost pressure, all speeds. 

What happens is that the boost will adjust t 
delivery of the supercharger to the displacement of th 
engine. Since what we are after is maximum brak: 
effective pressure at full throttle, the pressure inside th 
cylinder should be constant. Therefore, the manifold pre 
sure, or boost, should increase with speed, to take care 
increasing manifold loss. An engine designed for 5s 
boost at maximum speed of 2400 would require only abou! 
6 psi at 1000 rpm to get the same pressure in t! 

The positive blowers can meet this situation quite well, but 
a high volumetric efficiency is always desirable. Al 
above is based on full throttle; for part loads at any speed 
the output can be reduced in spark-ignition 
throttling the suction side of the blower. 

For the diesel, this expedient is not necess 
injection takes care of the situation completely 

For stationary diesels at constant speed, the tug 
will continue in a favorable position; for Ct 
variable-speed operation the Roots does well at we 
boosts, but for the higher pressures likely to b 
Elliott-Lysholm and the P.L. gear type should etter 


than any design so far offered. 
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by BARTRAM KELLEY 


Bell Aircraft Corp. 





ISCUSSION of helicopter stability begins most con- 
M veniently with instability, the plague of most early 
ers. Between the early 1910's and 1940 
iny helicopter projects on both sides of the 
at variety ot machines was designed and 





yy people who were not content with the 
pment of the airplane, and were striving 

goal of hovering flight. The fortunate inven- 
er sufficient financial backing to construct 
nachine. He would concentrate his energy 
hanical problems connected with rotor drives 
ture, and also on obtaining sufficient lift, assum- 
craft once took to the air his troubles would 
However, they were just beginning. In most 





machine would refuse to stand still in the air, 
bad would start to tip and move, oscillating back and forth 
ising swinging motion, often in spite of 
rts of the pilot. There is one historical record 
tability becoming so violent that a machine finally 

exactly upside down. 





was often not recognized as instability and 









b on other causes. Some machines with more than 
one lifting rotor were stable or partially stable, and suf- 
hi lying could be done to evaluate their characteristics. 
(See, for example, p. 230, of “Le Vol Vertical.”*) Others 
were so unstable that only limited hops from the ground 
could be made, and it was not possible to master the con- 





late the performance. 





the trouble was gradually recognized, and 
: lrawn to the problem of stability. At first 
he autogiro with blades hinged at the root 
helicopters with this variety of rotor would 








were naive attempts to support this idea 
See p. 151 of “Le Vol Vertical”? and a 
It was customary to think of the helicop 
1m swinging from the rotor; and further- 
imed that if the blades were hinged, a 











at a joint mecting of the Pe S 







t entral Illinois Section of the ASME, Peoria 
4 Engineering, Vol. 8, November, 1936, pp. 2303-308 
ter Theory.” by V. Isacco 
: . Vertical,” by M. L. V. Lamé. Blondel La Rougery 





— .- sie Helicopter,” by H H Platt Presented 
Pitt adel h a Chapter f the Institute of the Aerec 
lelphia Oct 92 1932 
‘al Memorandum No. 907 (1939), “Dynamic 

opter with Hinged Rotor Blades,” by K. Hohe 










HELICOPTER STABILITY 
with Young's Lifting Rotor 
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| 
| HE nature of the instability of helicopters is 
| described here by Mr. Kelley, who also enu- 
| merates factors that contribute to it. 

| 


Two of Arthur M. Young's early attempts to 
solve the problem are discussed by the author, 
! who states that the final solution is a device that 
| makes model helicopters perfectly stable in flight. 


The application of this device to full-scale 
helicopters is also described. 


pe 


THE AUTHOR: BARTRAM KELLEY has long been 
closely associated with Arthur Young, about whose inven 
tion he writes in this article, and he is now assistant to 
Mr. Young in the Helicopter Division of Bell Aircraft Corp 
After receiving his M.A. from Harvard in 1934, and 
teaching mathematics at Phillips Academy until 1941, Mr 
Kelley joined Bell with Mr. Young, and the two men have 
since been working to build a practical two-bladed | 
copter employing the stability principle 


il 
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tipping of the fuselage would not affect the plane of rota 
tion of the rotor, which would thus provide a restoring 
force to counteract the tip. This is easily shown to be 
false, since in spite of the hinges a tipping of the fuselage 
changes the. angle of attack of the rotating blade and im- 
mediately the plane of rotation of the rotor is also tipped. 

Hohenemser* published the first satisfactory theoretical 
analysis of hovering stability, and showed that the hinged 
rotor actually was not stable. At about the same time 
Igor Sikorsky corroborated this finding in his early experi 
ments with the VS-300 machine. To overcome its in 
stability and master the controls, he resourcefully added 
two.small lifting rotors at the rear of the fuselage in addi 
tion to the vertical propeller used to compensate for the 
torque. In this way the machine could be flown and the 
usual problems of rotor blades, controls, and mechanism 
could be dealt with. Later, the auxiliary lift rotors were 
dispensed with, since sufficient experience has been gained 
to fly the ship in its less stable, single-rotor configuration 


@ Instability 


The unstable swinging motion is not hard to picture 
Fig. 1 represents diagrammatically a helicopter. The 
rotor supplies a force L in line with the c.¢. anda force M 
which exerts a moment about the c.g.. depending 6n the 
distance h. In the hovering condition M equals 0 Now 












h 


a Fig. | —Diagram- 
matic representation 


of helicopter 








imagine that the machine tips slightly to the right. The 
rotor also tips and vector L is still parallel to the mast. 
M is still zero. Owing to the inclination of the lift vector 
L in space, there will be a force accelerating the machine 
toward the right. As it gains velocity, M will gain in 
magnitude for aerodynamic reasons, and will be directed 
to the left. There will soon be a large couple tipping the 
machine to the left, and causing L to incline to the left. 
As the machine decelerates, the c.g. swings toward the 
right, further in¢reasing the left tilt. The machine then 
moves rapidly to the left, and this alternating, left and 
right, oscillating motion builds up quickly at a definite 
frequency. Depending on the type of rotor used, the gyro- 
scopic forces can cause the motion to become circular, but 
its character remains the same. 


Helicopter models when unstable cannot be flown for 
more than a few seconds before the oscillation causes a 


a Fig. 2—Helicopter model used to study stability problem 


a Fig.3 — Diagrammatic 
representation of heli- 
copter forces when ma- ” 
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crackup. In full-scale helicopters the period of swi inging 
is sufficiently slow so that it is possible by skillful use d 
the controls to keep the machine hovering. Nevertheles 
it is a “stunt” to fly an unstable machine, 
easy to fly a stable one. 

Fig. 2 shows a photograph taken by the intermittent 
flash method of a model used by Arthur M. Young in bi 
study of the stability problem. The model, which wa 
powered by rubber bands, used a hinged rotor, and th 
photograph illustrates the progressive growth of the swing 
ing motion in flight. As the model is released the mas i 
tilted toward the right. It soon becomes vertical and ther 
tips to the left through a greater angle than the origin 
right tilt. It also accelerates rapidly, as is shown by tk 
greater space between the successive images. Before the 
mast has had time to become vertical again the model has 
dashed out of the field of view of the camera. Although 
the photograph illustrates only one half-swing of tht 
oscillation, it clearly illustrates the rapid gr 
amplitude. 














and relatively 
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The stability of a single-rotor helicopter de 
gross weight and moment of inertia and also on the 
derivatives enumerated below for convenience. Let 2 = 
angle of mast inclination to vertical: 1 horizonta 
velocity of machine; M = moment about c.g.; L = 
force in shaft direction. 











Stability derivatives: 





Rate of change of L with a 











a 





Rate of change of L with 


tate of change of L with v 






Rate of change of M witha 


Rate of change of M with 





Rate of change of M with v 
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Fig. 4—Linkage developed by Young 


hown* that if these six derivatives have 
ies stability can be achieved. However, in 
| hinged-rotor design the physical quantities 
ich that instability results. The values of 
lepend on such factors as the angle of 
method of hinging the blades to the hub; 
the weight; inertia characteristics, chord, 


ynamic moment coefficient, and airfoil lift 
lade. 


Stable Rotor 


ystematic study of stability to date was car 
ur M. Young, who worked with a variety 
lels. The work culminated in a stabilizing 
wed the small, electrically powered models 
erfectly steadily for long periods of time, 
ir, and has proved to be equally effective 
full-scale machines. However, this result 

1 overnight, and several interesting com- 
ed before the correct solution was finally 
ung’s first attempts,® was a rotor mounted 
nt. It was called an independent rotor 

f the mast did not cause the rotor to 

r to Fig. 3, an initial inclination of the 
right would not result in any inclination 
and hence the machine would not move 


neter for Lifting Rotors.”” by A. M. Young 
z of the Philadelphia Chapter of the Institute of 
ences, Philadelphia, Nov. 30, 1939. 


to the right. Also, there is an immediate moment cor- 
recting the initial tilt, the lift vector resolving along the 
L and M directions. Derivative (4) takes on a negative 
value, and the machine is stable, since v remains zero. 
However, if a gust of air strikes the machine, the rotor 
immediately inclines back and tends to become perpen- 
dicular to the incident wind. This results in a large nega- 
tive value of derivative (6), and it can easily be shown by 
the methods discussed by Hohenemser* that instability 
follows. This universally mounted rotor tips back in a 
wind because the blade which is momentarily advancing 
into the wind receives an extra amount of lift. Owing to 
gyroscopic lag the blade does not actually tip up until 
go deg later when it is pointing directly into the wind. 
Correspondingly, when the blade is retreating from the 
wind it loses lift and tips down when it is pointing down- 
wind, and a net rearward tilt of the rotor results. 

To combat this difficulty and compromise with the 
more conventional hinged rotor used on autogiros, an 
ingenious linkage was later worked out by Young.® This 
mechanism, illustrated in Fig. 4, had the effect of decreas- 
ing derivative (6) while increasing (4), and caused the 
plane of the rotor to follow the tilting of the mast only 
to a certain predetermined extent. As the range of pos- 
sible adjustments was explored, although the period of 
swinging could be varied, no combination of derivatives 
(4) and (6) could be found giving positive stability. 

The final solution came in the form of a stabilizing bar 
or flywheel (U. S. Patent No. 2,368,698). The effect of 
this device was to provide a large negative value of 
derivative (5), and leads to complete stability as is shown 
in Appendix I. 


® Following 


Fig. 5 illustrates the two-bladed rotor mounted to the 
mast by a Cardan universal joint. The blades have no 
individual hinges, but form with the outer part of the 


— UNIVERSAL JOINT 








a Fig. 5-Two-bladed rotor mounted to mast by Cardan universal 
joint 














m Fig. 6— Rotor mounting arrangement 


the rotor is the sta 
bilizing bar mounted to the mast with pivot bearings, 
which allow a see-saw motion. The bar is at right angles 
to the rotor and turns with the mast. 


hub a single rigid structure. Below 


a 


This is essentially 
the arrangement used in helicopters of Bell Aircraft Corp 
If t 


c : i, 
(See Fig. 6.) he bar is momentarily tipped, the link 











(4) 
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shown in Fig. 5 causes the hub to tir 
blades are rigid with the hub outer ring ne 
tack of one blade is increased, while the rj ote 
an equal amount. If the bar is rotating in a planes, 
with respect to the mast, the see-saw ih 


a 


. ° * (dat 
twice per revolution, and causes the rotor blades : 
themselves in a plane parallel to the une 


action is called feathering. 


In Fig. 7a, B is a section of a blade and 


“ 4 1S The plane 
rotation of the bar. C is the link mechanism {, 
the hub. 


Both A and B are so mounted to the ma 

an inclination of the mast has no immediate ef 
plane of A and B (Fig. 74). (Note that C and Ds J 
opposite sides cf a parallelogram.) 

If the mast remains inclined for any 
however, the bar plane of rotation 4 will folk 
sume a new position perpendicular to the ma 
changes the angle of attack of the rotor and ver 
feathers it into a new position also perpendic 
mast. This process is called “following,” and x 
the situation shown in Fig. 7¢, where both bar 2 
have followed the mast’s tip. The rate of 
the variable which makes the positive stability 
type of rotor possible. 


1 


The bar (and hence also the rotor) follows the 
an approximately exponential manner. In experimen rig 
practice the mast can be given a sudden inclinati 
the process shown in Fig. 7 can be tir 
watch. 


med with a 

It should’ take about three seconds to pass {1 i 

condition & to ¢ of Fig. 7. The concept of “following 

time” is dealt with more precisely in Appendix | 4 
In the condition of Fig. 76, if the bar rema 

zontal for a short while, it must execute a see-saw mot et 

about pivot bearing E twice per revolution. If t! 

is opposed either by friction or viscous damping 

lowing time of the bar can be varied from less ti 

second to more than ro. If the following time ist n 

the instability as analyzed by Hohenemser‘ results 

a form of instability appears if the following time is tu : 

long, making the rotor system insufficiently mast 

dent. Following times of the order of 114 to 

to be satisfactory. 


bed 
4 Sec apne 
In the full-scale aircraft two adjustabl 
automotive-type viscous dampers are mounted to rota 
with the mast and resist the see-saw motion of the} 


(Fig. 8). 


critical. 


ae = 
The adjustment for stability generally 1 
Following time for the rotor is almost ideat 
with the bar, there being a very slight additional lag au 


to the gyroscopic inertia of the blades. 


a Fig. 7—Diagroms i 
lustrating action of lint. 
age — A: plane of rote 
tion of bar; B —_ 
of blade; C: link mech 
anism: D: mast 
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APPENDIX | 


Notation 





ending on the link mechanism C of Fig 9 


f gravity 

































g. to rotor hub 


1oment of inertia of machine A\ 











| constant of bar and rotor following, and 
mn or viscous damping D 


Momer ut c.g a Fig. 9 - Diagram used to illustrate efiect of relative 


wind G 
eed 


rotor hub perpendicular to mast 
f machine 

\ngle between the normal to the plane of rotation of J 

—<_- (+2) 6.) 


mast in still air 


¢ = Angle erodynamic flapping 
a = Angle tween mast and vertical 

: | : 
é, = Diade h setting OTOR 

Rati horizontal speed to up speed 


PLANE ; 








m Fig. g shows the mast vertical, and the bar and rotor Bp 
the position of Fig. 7a, 4 = 0. G represents a relative nb 
| caused by horizontal motion of the machine toward i 
¥ ¢ right. F represents the plane in which the rotor will | 
viggmmpeare, and this is inclined to the horizontal and will not | 
low as long as the horizontal wind persists. This in- « | 
ination of the plane of rotation F is called flapping. The 
gle of flapping — is given approximately by | VERTICAL 
28> Vv 
E n the report by Hohenemser.* m Fig. 10-—Diagram used to determine moment about 4 


c.g. of force exerted by rotor 


The angle between the normal to the rotor plane and 
the mast in general is given by 


(u + £) or (u +- 2r8o) 


For the rate of change of » we have: 


uh= — Kp tr ag 4) 


k isthe quantity which can be changed by adjusting the viscous 
dampers). —ku represents following, and a¢ rate of tilt relative 


to mast due to mast angular velocity. 


We assume that the rotor exerts a constant force equal to 
the weight of the machine W. The force is directed 
perpendicular to the plane of rotation, and the rotor is 
mounted in a universal joint and incapable of producing 
moments about the hub. 


The moment M about the c.g. of the force exerted by 
the rotor is given by 





M = Wh Sin (wr 2r8 see Fig. 10), or approximat 


M = Wh (p + 220 g 


tie 8 Tw adjustable, automotive-type viscous dampers 
: scale aircraft to rotate with mast and resist see- 
saw motion of bar The net force on the c.g. of the aircraft in a direction 

















= Fig. 11 — Exper mentg 
helicopter constructed 
by Bell Aircraft c, 9 











perpendicular to the mast due to gravity and the rotor g = 32 fps? 
force is given by: 





69 = 0.1745 radians}(10 deg 
i} uw + 2r0 - Of 





g 






u = 500 fps 
Since v represents the velocity of the rotor hub, the 







J k = 0.7648 sec™ 
velocity of the aircraft c.g. is (v — hd). Hence, the equa- ; 
tions of translation of the c.g. and rotation about it are: h= 4it 
:; W = 1500 lb 
; WW : QuW 6 
v— ha -+ Wu + —aW =0 10 
gd u 





1500 X 26.52. 
[ = ——— Ib-ft-s 
2Whow 32 
al + Why + — - 0 11) 


u Wu 















1.207 ft—-sec 





where \ has been replaced by 





Equations (7), (10) and (11) determine the motion of 







The value of k = 0.7648 sec~" represet 
the system. time of about 3 sec for an initial rotor inclinatior , 
sip 1c raline * 
eg. : sical value 
a er a + an ll to reduce to 1 deg. These physical vali 
(13) give: 
in them and equating the determinant of the coefficients A = 0.8006 
to zero gives: 

























a 2. 3 t. B wh. +. = (0) 2) 
y Ar’ + Br? + Cp D ( l C = 0.1078 
where: = ' 
, _ 2000 |, | 2ht00Nh D = 0.0824 
: k 4 ” 
B 2960k aWh 2h20>Wk - Substitution in (14) gives 0.04 < 0.259 8 which s 
. noe * ™ true, so the machine is stable. Equation (12) 
aN h@og 
C - — yt + 0.80067? + 4.8553? + 0.1078» 4+ 0.08 
ul 
p = 2 nogk of which the approximate solutions are: 
ul 
vy = — 0,0096 + 0.1414 
The real parts of the roots of (12) are all negative if: 
y = — 0.3913 += 2.167 
2C - 
B- VB —4D< <B+VB —4D 14 ' lb i 
A Equation (15) represents an oscillation period ¢ 
and this is the condition which must be satisfied for sta 2m si 
ote e ° -— B = ¢ sec. 
bility. It is only necessary to substitute numerical values 0.1414 


for an actual case in expressions (13) and put them to 
the test (14). 





The amplitude of an initial displacement is multiple 





a factor of ¢7°-™¥xu — 0.644. Hence, each succeedill 
oscillation will be less than two-thirds as great as its pt 
APPENDIX il decessor, and any distriburbance will die aw 






Equation (16) represents an oscillation period of 29% 
and an amplitude factor of 0.325. Each succeeding swf 
is only one-third as great as its predecessor, and 3g 
any motion tends to die out. 


The following numerical values would be appropriate 


to apply to experimental machines which have been con- 
structed by Bell Aircraft Corp. Fig. 11: 
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HIS comparison of wood and metal as ma- 
de als for aircraft construction was made pos- 
sible through the fortunate circumstance that 
the author's company was building a plywood 

plane for the AAF at the same time 
was producing an all-metal plane of 
srable dimensions and in similar quantities. 


Rawdon discusses here some of the prob- 
nvolved in producing plywood covered 
and compares them with similar problems 
that have occurred in building all-metal planes. 


THE AUTHOR: HERB RAWDON (M '29), assistant 
chief engineer, Beech Aircraft Corp., wasted no time in 
pursuing his aviation career upon graduating from Tri- 
State College of Engineering in 1925. He immediately 
joined Travel Air Mfg. Co., serving there as chief engineer 
until 1932, when he both attended Washington University 
and was employed in the engineering department of Boeing 
Airplane Co. The next eight years saw him successively 
at Curtiss-Wright Technical Institute, Spartan Aircraft Co., 
Northrop Aircraft, Inc., and Douglds Aircraft Co. In 1940 
he assumed his present position in Wichita, where he is 
responsible for many design improvements. In addition to 
his work at Beech Aircraft, Mr. Rawdon is also co-owner 
of the Rawdon Flying Service. 








WOOD vs METAL CONSTRUCTION 
IN AIRCRAFT 


by HERB RAWDON 


Assistant Chief Engineer 
Beech Aircraft Corp. 


Part | 


40 the Beech Aircraft Corp. was requested 
design proposal to the AAF for a transi- 
ne training airplane to be fabricated as 
possible from materials which were not 
cal shortages. Even at this early date the 
iluminum alloys for construction was be- 
The type of seamless steel tubing used 
uircraft structures was also beginning to 
to procure. 
> experiences, the Beech Aircraft Corp., 
study, decided that in meeting the 
lesign proposal an airplane designed for 
ented at a meeting of the Kansas City Section 


y, Mo., Oct. 28, 1944; and at a meeting of 
of the SAE, Tulsa, Okla., Jan. 26, 1945.] 


=h Model C-17S biplane, wood-fabric-steel tube con- 
truction, Pratt & Whitney 450-hp engine 


1945 


plywood construction could be built with less difficulues 
from the material procurement standpoint than the more 
common types of construction in use at that time. The 
plywood covered, wood structure airplane had been built 
in this country for a considerable time, but of late years 
its popularity had declined to such an extent that there 
was comparatively little experience available on the tech- 
nical phases of design when this project was undertaken. 
It was thought that the company’s experience in building 
their Model 17 biplane which was fabricated along the 
familiar lines of wood spars and ribs for the wing and 
tail surfaces and steel tubing for the fuselage, all fabric 
covered, would be of considerable help in developing the 
new project. It was found, however, that the new prob- 
lems were rather widely different from previous experi 
ence and that essentially a complete new technique was 
necessary in the development of the project. 


m Fig. 2—Beech Model C-45, all-metal, twin-engine airplane, two 
Pratt & Whitney Wasp Jr., 450-hp engines 











m Fig. 3 — Beech AT-I0 airplane, wood structure, plywood covered 
construction, two Lycoming, 280-hp engines 


The discussion of this paper largely represents the 
experience of the Beech Aircratt Corp. in designing and 
developing their AT-10 plywood covered airplane for the 
AAF. This airplane was built in substantial quantities 
and, therefore, a considerable amount of experience was 
had in the problems involving wood construction and 
production. Production lines existed side by side, using, 
in the one case, plywood covered construction and, in 
the other case, all-metal construction. Each airplane was 
of comparable dimensions and built in similar quantities. 
Therefore, a reasonable basis was experienced on which 
to gage the merits of all-metal aircraft construction versus 
the wood type of airplane fabrication. 

The opinions expressed here are largely the results of 
the experience of the Beech Aircraft Corp. and of the 
writer in the development of the AT-10 airplane. The 
reader must realize that these experiences do not cover 
all possibilities and further do involve some consideration 
of prejudice and preference; however, it is believed that 
the general conclusions are generally indicative. 

In order that the reader may have some reasonable 
conception of the type of equipment manufactured by 
the Beech company, Figs. 1 to 4 show several of its 
products. A mental picture of these airplanes will be 
useful as we progress through the discussion. 


@ Variation of Structural Wood Properties 


In our early attempts to design a plywood covered 
airplane, the thought was to make the design similar in 
principle to the all-metal type of aircraft construction; 
that is, similarity in regard to the method of carrying 
the loads through the external skins and by means of 


stringers attached to this skin. Early results of tests on 





a Fig. — AT-10 showing experimental “vee” tg 
ion 


Astaiig, 
aTUIie 


structural parts which had been tabricated for a 
of these features, as was to be applied to th 
airplane, indicated that following the same practi 
in all-metal construction was an impractical procedyr 
The reasons for the inconsistency lay primarily 
wide variation of the properties of the y 
manner in which the load was applied to the wo 
ber. To illustrate the variation in the structu: 
ties of wood, a few examples will be ment 
example, most woods are approximately half 
in compression as they are in tension. In t 
spruce, the allowable stress in bending is 

this will be approximately the allowable str 

The permissible crushing load is only 500 

thus see the wide variation between the ten 

ing and compressive strengths of this comr 

craft structural material. The compressive 
wood perpendicular to the grain is far 
strength parallel to the grain and, for example, 1 
pressive strength of spruce is only 840 psi. The 
strength of the same material parallel to tl 
only 750 psi, indicating that the wood vw 
splinter easily if proper recognition of the 
values is not properly considered. 

For the reader’s comparative purposes, Tal 
properties of woods commonly used for airct 
tion. 

Because of the very low shearing streng 
parallel to the grain, it has been found necé 
arrange the natural structure of the wood 
in order to improve these shear strength propert 
cal aircraft plywood is made such that the 


Table 1 - Strength Values of Various Woods, Based on 15% Moisture Content for Use in Aircraft Design 


Specific Gravity 


Based on Shrinkage 
Volume and from Green 
Weight When Weight to Oven Dry 
Oven Dry at 15% Condition Based 
. Mois- on Dimensions 
Mini- ture When Green, % 
mum _ Content, — ~—_— 
Species of Wood: Aver- Per- ib per Tan- 
Common and Botanical Names age mitted cu ft Radial _gential 
Hardwoeds (Broad-leaved species 
Birch, (Betula spp.) 0.68 0.58 44 7.0 8.5 
Hickory (true hickories) (Hicoria spp. 0.79 0.71 51 
Wainut, black (Juglans nigra 0.56 0.52 39 §.2 7.1 
Yellow poplar (Liriodendron tulipifera 0.43 0.38 28 4.0 7.1 
Softwoods (Conifers 
Douglas-fir (Pseudotsuga taxifolia 0.51 0.45 34 5.0 7.8 
Spruce (Picea spp. 0.40 0.36 27 4.1 7.4 


Compression mar 
Static Bending Parallel to Grain sic 
Fiber Work to ‘Fiber Com- Shear- 0’ 
Stress Maxi- Stress pression a 
at Modulus mum at Maxi- Perpen- Strength 8 
Propor- Modulus of Load, Propor- mum dicular Par ne-H 
tional of Elas- in.-Ib tional Crushing to , Pay 
Limit, Ruoture, _ ticity, per Limit, Strength, Grain, Gr vine 
psi psi 1000 psi cu in. psi psi psi S 
9,500 15,500 1780 18.2 5480 7300 1590 130 
0,600 19,300 1860 27.5 6520 8700 3100 144 R 
0,200 15,100 1490 11.4 5700 7600 1730 100 = 
6,000 9,100 1300 6.5 3750 5000 810 800 ™ 
8,000 11,500 1700 8.1 5600 7000 1300 8 = 
6,200 9,400 1300 7.8 4000 5000 840 7 ™ 
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a which the outer plies are parallel and 
y is arranged at go deg to the adjacent 
; in approximately 507% of the material 


rernatl 
-h giterna 






















This 1 
oo the direction parallel to the face plies and 
aie the face plies. We, theretore, find 
” Yo of the original tensile strength in 
ct the tace plies but we have substantially 
sod le strength normal to the face plies. 
. have also greatly increased the shearing strength of 
7s mpared with its original unimproved 
The yearing strength of bolts in wood will vary greatly, 
sending on the direction of application of the load on 
. bolt with reference to the direction of the grain of 
refer to the table of properties of aircraft 
note that the bearing strength parallel to 
est and least, normal to the grain. It is 
: ible to have the bolt load act in the direc- 
of the wood; therefore, the problem of 
ads into wood structure becomes consider- 
In the case of a single fitting, it is fre- 
t. it the various loads in the bolts of the 
ids varying in direction throughout the 
the wood member at the fitting attach- 
Is applied in as many directions as there 
sh the fitting. These load patterns usually 
ntrically loaded fitting which, in many 
‘le to void. In order to provide tor 
(d) Ste 
* 
VoTs 
‘ ae 
ty 
ft 








eS INTERMEDIATE | Nosté igs _ 





this requirement, it has been necessary to develop special 
bolt bearing wood materials which may be glued to the 


The bolt loads would be first trans 
mitted to the bolt bearing plywood and from there into the 
main wood structural member through the 


basic wood structure. 


glue joints. 
Fortunately, wood does have the quality that the modu 
lus of elasticity in compression is essentially the same as 
that in tension. In the case of shearing, however, ther 
is a very large variation in the elastic properties of the 
material depending on how the load is applied to the 
material. More on this aspect will be considered sub 


sequently. 


@ Example of Simple Wing Construction 


In order to illustrate the usage of wood construction 
materials, we will first illustrate the 
by diagrams showing the construction features of a simple, 
braced wing structure. 


problems involved 


In Fig. 5 there is shown a simpli 
fied construction in which a single lift strut carries th 
entire lift force load. 
not be in line with 
as shown. 


Since the center of pressure will 
the strut, a torque 
This torque is resisted by the shell nose cov 
ering and is transmitted to the root hinges where the 
reactions occur. 


While the 


m is developed 


construction shown has not been widely 


used, it is practical and the particular arrangement or 


brings out some of the 


form principles elaborated upon 


| 
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= Fig. 5—Construction features of simple, braced wing structure 
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m Fig. 6- Methods of laminating solid wood spars 
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a Fig. 7- Example of built-up spar construction 
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mmon structures noted later on. The 
entional and is familiar to almost every- 
owledge of aircraft construction. 


sted types of spar fabrication are shown 
The construction shown in Fig. 6 is 
type in which the spar has been built 
laminating pieces of wood. The con- 
on A-A shows laminations in the vertical 
the horizontal plane. The construction 
probably more economical from the stand- 
overy of material. The construction shown 
Fig. 7 is intended to take into considera- 
num strength qualities of the wood. A 
used for carrying the shear load, and 
tension cap members are glued to this 
bending loads which act on the spar. 
terial in this case has been spaced at the 
nce from the neutral axis and a plywood 
increased strength per unit dimension is 
\ear carrying member. It will be shown 
he strength of plywood in carrying shear 
y improved by having the grain direction 
y 45 deg with the longitudinal axis of 
web material has been so arranged in this 


ted on referring back to Fig. 5 that the 
overing has also been laid at 45 deg to 
airplane. This arrangement gives the 
nal strength characteristics and is also 
ossible construction of the several grain 
ngements. The nose torsional shell resisting 
s shown in section E-F. The torsional stress 
ring is given by the formula: 


VM 
2 Al 


Applied torque 
= Enclosed area of shell cross-section 
Shell thickness 


ir structure is interesting from the stand 
tresses are largely determinate, which is 
imbers of familiar arrangements. For in- 
lly the entire bending load must be carried 
ar. The load in the lift strut is definite 
lation. The rear spar serves merely as a 
the ribs and as an attachment and sup- 
for the aileron. The amount of torque 
nose shell can also be determined with 
sion. The arrangement of the rib is 
The structural design of spar, strut, and 
forward and well known and no further 
1 be made at this time regarding the pro 
ed. Information useful in the design of 
tion will be given under the discussion 


tonic 


Torsional Properties of Plywood Structure 


vide variation of the properties of plywood 
loads (depending on the loading arrange 
thod of support of the skin or shell), it will 
nstructive to present results of some investi 
by the Beech company. 

ve show a center-section wing structure. 
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m Fig. 8 - Center-section wing structure 


diagram A, in perspective with an external applied torque 
T'. Several different arrangements of grain direction for 
the shell covering are shown in diagrams B, C, and D. 
The grain direction arrangements shown in diagram B 
are most effective in resisting spanwise bending. The 
grain direction shown in diagram C, while slightly stronger 
than that shown in B, has little practical value in wing 
construction. The grain direction shown in diagram D 
is the most practical, strongest, and stiffest arrangement 
of the plywood covering systems noted in resisting torque. 
It will be noted that the grain direction in this case is 
such that the outer or face plies of the plywood tend to 
be in compression due to the torque application shown. 
The torsional strength is greatest when the outer plies 
are arranged so that they carry compression rather than 
tension. The principle involved is somewhat similar to 
applying torque to an ordinary tension coil spring. The 
least strong direction of the spring in torsion will be that 
direction which tends to unwind the spring. 

For the greatest shear strength, it is desirable that the 
external shape of the shell be continuously convex (sug 
gested by section 4). the shell 
will usually in reduced allowable torsional stress. 
Affecting the amount of torsional load which can be 
supported by the shell covering will be the spacing 


Concave curvature of 
result 


d 

















of the ribs or bulkheads also indicated in these diagrams. 

In Fig. 9, curves are drawn which give the experi- 
mental results of a large number of tests to determine the 
allowable torsional stress for plywood covered shells. 



















N/A 
Three curves have been drawn for allowable torsional 
stress in terms of the grain direction and unsupported 
span of the plywood shown in diagrams B, C, and D. 
4 P Q j i | 
It will be observed that the strength of the diagonally — i 

‘ ‘ . —T aes ! ns 

placed plywood is greatly superior to the other arrange ee ee = its, 

: — | a 
ments. It will further be noted that the permissible stress f- | ee 
in all cases falls off rapidly as the distance between sup- oe oe 

) + ite ete | 
ports increases. | a ee a = e 
It will be of interest to note on the diagram that the | 2 en Maps Sram 
torsional rigidity is about four times as great with the | 
lly placed pl h the plywood laid i bis ee 
or ‘ y , > 7 ‘ | 
diagonally placed plywood as with the plywood laid in ha ee a ee 
the chordwise or spanwise directions. Recognition of this Quran Panes _ 2 ite Ovrer Bane. "| 
characteristic is important in designing the airplane shell | 
" : ! es, 
structure, 


@ Stress Redistribution 





In the first stressed skin, plywood covered structures 
designed by this company, considerable trouble was ex 
perienced in premature failures due to redistribution of 





loads from those calculated. Due to inexperience, it was 


not appreciated what large variations in the properties of 


s Fig. 10 — Typical cantilever wing orrangement 
wood when combined into 










‘Cc 1 
a specinc structure would 














result in the redistribution of stresses. S| 
stringers would not pick up their com 


loads and the torque load capacities w 


WOUIG 






ALLOWABLE TORSIONAL SHEAR 
Stfre NL ted fr , 





; out as estimated. As a matter of fact, s 
S~ 2Ad was had that it became evident that a 
s apply when Torsior cedure in the design of these structures wa 
a satisfactory arrangement was to be secure 
ture could be designed and computed confi 


















hank reasonable approximation to its actual strengt! 

A system was required which would | 
stress computations if the airplane was to b 
reasonable short interval of time as expect 
a great length of time would be necessary i 
and testing structures to arrive at an arrange! 
would be practically satisfactory. 

In the original test work it was found 
stringers were failing in bending at a great 
loads than those computed the structure shot 
There were also failures in the skin structure 
torsion which could only be explained by the rec 
tion of stress that had not been anticipat 

In view of these difficulties, the followin 
were established as being the most logical les 
of plywood covered wood aircraft structure 

























™ Recommended Design Procedures 


In view of the experimental results pr 
tioned, it was decided that a definite policy 
of plywood covered structures was essential, 
would properly recognize the variation in the properts 
of the wood materials used in the structure. The 
ing principles were established and the res 
lation and test were more closely brought into agreement 
These principles can be recommended to ot! 
ing this type of structure. 

m Fig. 9 — Allowable torsional shear stress in plywood A. Wing Surfaces—It is convenient in the } brica 


of the wing structure and also for the purpose of s¢ 




















Plan View Wina Panel 
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ice to have the outer removable panels 
er-section structure. This reduces the 
in manutacture and also allows easy 
outer panel which is most often dam- 
ction described is illustrated in Fig. 10. 
vise bending to be carried by a main 
approximate maximum depth of wing 


d drag shear forces to be carried through 
r only. 

carry shear and tension or compression 
this reason, it is essential that the spar 
» arranged that bending loads cannot be 
or out of the member. 

panwise stringers and space ribs close 
so that the plywood covering has suff 
the requirements. (This prevents pick- 
loads in stringers which cannot be esti 
er precision.) Make spar attachments 
possible arrangement so that loads can 
rmined in the attachment. 

1. Where the tail surface structure 
1ous, refer under wing structure and fol- 
jure noted thereunder. 
urface is continuous from tip to tip as, 

stabilizer might be built, it is possible 
nomical usage of spanwise stringers, pro 
tresses in skin covering and stringers are 
should be made in designing the rear 
ingers to recognize that a_ substantial 
ig loads may be carried by these mem 
edistribution than shown by calculation. 
rtaces are discontinuous and attached 
must be taken to be sure that bending 
transmitted with a type ol attachment 
problem of load determination in the 
If it should be decided 
nt and rear fin spars to the 


er will designing 


1 


a" possible . 


directly 
require 


S 
probably 


I 


om 


aXe 
cel 


bi ci sc tsceallatlcane 


nter wing assem- 


ire of internal 
heavy rein- 
nents 


to somewhat higher loads than would be indicated by 


the calculated loads. The use of spanwise stringers is 


not particularly valuable in a discontinuous surtace. 


@ Fuselage 


Design the tuselage structure with speciic members 
capable of carrying the enure bending loads as axial loads 
in these principal members. Use the skin only to transmit 
shear loads and to hold the assembly together. 

Where a concentrated load is applied get these loads 
into principal members and gradually dissipate them into 
the skin by the glue joint shear connection. Special skin 
reinforcements may be necessary at the position where con 
centrated loads are applied in order that these loads may 
be distributed localized 
failures. 


gradually without inducing 

The most structurally economical plywood skin dire 
tion for carrying shear is the diagonal arrangement, but 
this may not be the most economical use of material 
costwise because of the waste resulting in running the 
grain diagonally. 


Where the stresses in shear are rela 


tively low and the stiffness requirements are low, it is 
more economical from the material standpoint to use a 
lengthwise grain direction for the plywood covering. 

A great deal of attention must be paid throughout in 
designing attachments to dissipate 
trated loads gradually. For example, consider the landing 
gear attachment. This attachment is subjected to a com 
paratively heavy load which must be transmitted into a 
relatively light structure. A great deal of special rein 
forcings is necessary and a very careful analysis of the 
load carried by the members is obviously necessary. It 
must be recalled that glue joints should be stressed only 
in shear, otherwise, premature failures will result in the 
glue joints at low loads. 


very heavy concen 


Recognition must be made of the fact that the strength 
of the glue joint is greatly affected by the direction of the 
For example 


the shear 


grain at points of contact in the glue joint. 


if the wood is glued with grain parallel, 


strength 
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a Fig. 12 - Outer wing section 


of the joint will be equal to the shear strength of the 
weakest wood in the joint. If the grain direction of the 
wood at the joint is at go deg then the glue strength 
of the joints will approximate one-third of the strength 
parallel to the grain for the weakest wood. When the 
load is applied 90 deg with the direction to the grain 
of the wood, there is a tendency to tear out the fibers 
of the wood rather than to pull them in tension. 


@ Wood Aircraft Construction — Beech AT-10 


Perspective diagrams and photographs of the important 
structural parts-used on the AT-10 airplane are shown 
in Figs. 11-15. The principles of design just discussed 
have been extensively applied in designing this airplane, 
with the result that a sound structure has been secured 
in which we have been able to calculate 
reasonable degree of approximation. 


stresses to a 





m Fig. 13 — Horizontal stabilizer in jig —- AT-10 airplane 
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A wing center-section assembly is shown 


ie . . in PCTSDectyg 
in Fig. 11, and some indication of the nature » . 
internal structures and heavy reinforcements 4; 
trated. It will be noted that the diagram sho. . 


application of nailing strips used in the gluing goon 
operations in applying the outer skin. This ng as a 
used in obtaining the clamping pressure ‘ 
joint sets. As soon as the glue joint is be ae 
strip is removed and the external surface is then cm. 
down prior to application of the external fin 5 

It is of interest to note that the fuel tanks 
a type of integral construction where the fuel 


ruel ce 


with synthetic rubber to obtain sealing p: 






CDETTIes 
[ 


: 


is aM interesting application, has proved fairly satis sige 
in service, and results in relatively little weight j; ie 
for making the fuel tank provisions. a de 
tire De! 
™ Outer Wing Section i 
Fig. 12 shows the typical construction used in the 
wing panel of the AT-10 airplane. It is obvious thy 
in this diagram as well as the one previous, the main sy 
transmits the entire bending load. There are no spy 
wise stringers and the rear spar has been pin connected 
Spacing of the ribs has been as close together as wa A 
necessary for support of the plywood covering to met the be 
the strength requirements. ng cc 
It will have been noted that the center-section ribs ge 


had solid web ribs and relatively heavy caps, while th contit 
outer panel ribs are quite light and are mostly of th 
trussed type. A few solid web ribs are used near the 


tip for cost considerations. 


® Tail Surfaces 


A picture of the stabilizer covered on one side only 
and showing the internal construction is illustrated ia grat 
Fig. 13. This is a continuous type of tail surface and centt 
some spanwise stringers have been used. A small amoust 
of the total bending load has been successfully carried 


through the use of these spanwise stringers 





= Fuselage 


Fig. 14 shows the internal fuselage construction a 
indicates that primary members have been provided and 
these members have been designed to carry the ent 
bending load through tension or compression load i 
the particular member. The skin is used to transmit ti 
torsional loads and shear forces introduced by air loads 0 
the surfaces and loads from the landing gear. A numo! 
of doublers or skin reinforcements has been provided 
the fuselage to dissipate gradually concentrated loa 
which are applied. 


The bulkhead rings are formed from ’ mahogatt 
poplar plywood and have been expanded locally whet 
stringer cutouts occur to strengthen the member. Rein 
forcements on the bulkheads appear in several instancts 
to provide sufficient glue area to transmit the loads 


safely from frame to skin or other membe 


™ Construction of Plywood Covered Wing 


We will further illustrate certain principle: f the eve 
arrangement of a plywood wing construction that 
been found practical and which follow the design pm 
dures noted in the previous outline. 
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Rear section of 
fuslage- view shows that 

primary members have 

been provided which have | 
been designee to carry en- \ 
bending load in the ' “3 
particular ember = as 4 


Fig 4- 


wre 


ot the elements of the wing structure 


d ich is ted will be found to work out very well 
i for an aif] 4000 to 5000 |b in gross weight. Fig. 10 is 
ct the basic wi lan, from arrangement to which the remain- 

ing constru features are associated. Fig. 16 shows the 
suggested « r-section structure. The main spar extends 


i continuously through the center section and fuselage. For 





3 space reasons, the wing is otherwise terminated at the sides 

it the fuselage. The rear spar is pin connected to a fuse- 
ge bulkhead frame provided for this purpose. 

ywood ring has been placed diagonally to develop 

naximum shear strength and stiffness requirements. 

, in the particular case which we have noted, the landing 

1 gear torque produces the greatest twisting strain in the 

rl center section and the plywood has been laid according to 

t these requirements. The rib spacing has been determined 

4 so particularly from the requirements for skin support 

largely through the necessity of attaching the landing 

gear and various other parts to the center-section structure. 

[here are no spanwise stiffeners in the wing truss except 

: near the fuselage, where some reinforcing of the skin is 

i necessary to carry the concentrated loads of a man walking 

n the wing at this point. The main spar has been de- 

signed te 





arry the entire wing bending load. The connec- 
ion of the outer panel to the main spar has been by means 


















9: '9~ Ready for final assembly operation — AT-10 fuselage 
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of two shear pin connections. The rear spar is pin con- 
nected to the fuselage and to the outer panel. A removable 
gap strip will have been used to cover the joint between the 
center section and fuselage and between the center section 
and outer panel. These gap strips are of a nonstressed type. 

In Fig. 17 we illustrate a typical heavy rib used in the 
center-section structure. A solid plywood web has been 
used and access holes are shown provided for access in 
building the structure. The rib caps shown are laminated 
out of thin material. This is an advisable practice because 
with cap strips of these dimensions made of solid material 
it is usually impractical to form the solid members to the 
contour of the wing. The ribs are made in separate pieces, 
that is, nose section, center portion and trailing portion, 
and are joined across the spar by the plywood covering. 
It has been found practical, in many instances, where the 
ribs are especially heavy loaded, to bolt them to the spar as 
well as attach them by glue joints. The object of the bolts 
is to prevent any tension forces from prying the glue joint 
open. 

A typical mounting for a fixed cantilever landing gear 
is shown in the diagram and obviously special heavy ribs 
must be provided for the extra heavy loads in this attach- 
ment. Considerable bolting and localized reinforcings will 
be required in view of the magnitudes and directions of 
application of the loads from the landing impact. 

In Fig. 18 we illustrate typical spar fitting connections 
which have been found to be practical. It will be observed 
that the type of fitting proposed for the main spar attach- 
ment at the outer panel consists of two shear pins located 
as close to the outer extremities of the wing contour as 
possible. These fittings are secured to the spar by bolts 
through the spar and pressed-in bushings of dural or other 
suitable material. 

Since the main spar is continuous through the center 
section and fuselage, the attachment to the fuselage is 
somewhat more simple and the bolts and bushing system 
shown will be found satisfactory. The principal load in 
the fuselage attachment is a direct shearing load on the 
bolts. 

The attachments for the rear spar are also indicated and 
at each end of the spar a single hinge pin connection has 
been used to ensure that no bending is transmitted into or 
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a Fig. |6—Typical cantilever center section of wood construction 





The reactions, theretore, must 





along the span. It will be observed 








1 in S¢ < 
tension, compression, and shear. depth dimension of the compression cap 
Details which have been found satisfactory for the rear greater than that of the tension cap. This 
par are shown in Fig. 19. The previously discussed single considerably greater strength of wood in 
pin, wing hinge connections are shown also. Since the spar 


compression, 
loes not transmit bending, the dimensions and weight will Numerous fill 
be a minimun Che 


, , 
lier DIOCKS are necessary 





1 , ? ‘ : 
construction 1S of the Dox type Ol ribs, landing 








} gears, outer fittings, and St 
sited: Gini ith th RY tg 
design and the plywood webs have bdeel shown witn tne ind mechanisms. It is advisabDie to ma 
diagonal grain arranged for the maximum strength and material of plywood construction to min 
stiffness. Filler blocks are spaced internally at the points and spanwise shrinkage of the filler block 
} 1 ] ] lL ° 1 ° 
of rib attachments and serve to back up the rib attachment ot a filler block in the vertical or spanwis 
1 1 1 } . . 1 1 } . } 
as well as to support the plywood webs. It is desirable that the beam is bad and will result in local 
| ~11 


the filler blocks be of special construction to minimize 


attachments, 
e vertical direction. The filler blocks 





[he attachment of the wing connections 
1e end fittings are bolted may have to be panel presents a problem. The design loa 
of a special bolt bearing material if the loads in the fittings tings are high since they are required to cai 
are sufficiently high to make the bolting problem difficult. 

More details of a typical main center-section spar are 
shown in Fig. 20. The construction again is of the box 
type with diagonal plywood webs for carrying the shear. 
Since the landing loads will probably induce the greatest 
shear stresses in the center-section main spar, the diagonal 
plywood webs have been so arranged that the outer plie: 
are in compression under the landing loads. 


I ypical sections of the spar are shown at various points 










bending from the outer panel into the center-s 
It is also desirable to have these fittings as com} 
possible to make them spanwise. In order t 
this, it is necessary to use bushings throug! 
reinforce the spar at the fittings with a special 
material which can be secured to the main spar mer 
by gluing. 






Further information on the special construct 
depicted in Fig. 21, which shows the construct 
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m Fig. 18 —Typical spar attachment fittings 








main center-section spar of the Beech AT-10 trainer. A 
special bolt bearing plywood known as 50-50 “durawood” 
manufactured by the Haskelite Mfg. Corp. has been devel- 
oped and is a very successful bolt bearing plywood. This 
material is fabricated from walnut veneer, each alternate 
veneer being laid at go deg to the adjacent ply, and the 
wood is compressed by high pressure in the gluing opera- 
tion so that its thickness is reduced approximately 20%. 
This results in a hard bearing material and has a bolt 
bearing capacity of approximately 8500 psi uniform in any 
direction around the bolt hole through the material. Since 
in the particular application the bolt loads are in widely 
varied directions, this particular characteristic is highly 
desirable. The durawood glues easily to the spruce spar 
members. 

Also of interest in the AT-10 is the special plywood 
reinforced lower cap shown in the lower diagram of Fig. 
21, which was found necessary to prevent the spar splitting 
out under the applied bolt loads. The material in the 
original spar cap fitting reinforcement did not have sufh- 
cient shear capacity parallel to the grain and the use of the 
plywood inserts increased this shearing capacity to the 
required value. 

In Fig. 22 we show a suitable construction for the outer 
wing panel. It will be noted in this case that the grain of 
the plywood covering has been placed spanwise. The 
torsional shearing stress in the outer panel is low and this 
grain direction for the covering is permissible. The cost 
economy of placing the plywood spanwise has been the 
deciding factor in making the decision for this arrange- 
ment. The direction of the plywood on the tip has been 





arranged chordwise mainly tor more easy tormab 
the contoured suriace. oa 
It will be noted that the outer panel ; : 
main spar through which all the outer panel bend; a 
transmitted to the center section. The rear spay ; : 
connected and can only transmit the direc i 
drag forces and air load torque. Spacing of the 
been arranged to give the plywood covering ne 
port for the particular application. 
Typical rib construction used in the oute 
in Fig. 23. Since the loads in the ribs ar 
air loads on the wing, which are well distril 
possible to make a comparatively light const: 
these structural elements. The typical trussed ; 
is designed to carry the air load is shown in th 
diagram. As far as load capacity is concerned, it y 
possible to space these ribs farther apart than is 
by plywood support requirements. Therefi 
mediate rib shown as the third example 
placed in between each of the trussed 
plywood support and contour to the wing. Ne 
the ribs are so small that truss-type ribs are i 
a solid web rib is used for cost economy of 
Referring back to Figs. 16 and 22, there wil 
special plywood strip laid over the spar wt! 
as an apron strip. This strip is made of | 
slightly heavier in thickness than the skit 
apron strip is glued to the spar and ribs at 
these elements of structure together prior 
of the skin covering. The apron strip is als: 
order gradually to dissipate the load from 
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a Fig. 19-Typical construction of rear spar for cantilever wing 
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a Fig. 22—Typical plywood covered cantilever outer panel 


spar to prevent local tailures due to rapid change of section 
between these connections. It has been found that without 
the apron strip the abrupt rigidity of thé spar joint causes 
premature failures in the skin covering. The apron strip 
largely eliminates any trouble from this source. 

The main spar is shown in Fig. 24 and the elements of 
design are similar to those of the center-section spar which 
we have already described and no further discussion is 
believed necessary. 

It will be noted in Fig. 24 that vent and drainage holes 
are specified through the spar web. These holes are neces 
sary to prevent collection of moisture inside of the closed 
sections. The same venting is necessary in the win 


1 
so that all 


g shell 
e ct _ i" » hom - ] wt Ilv - r} t 
moisture may be drained externally and that 
none collects internally. Any moisture which stands any 
great length of time internally within the structure will 
cause the structure to rot and fungus to grow even though 
the wood has been carefully painted with coats of wood 
seal or varnish. 


@ External Finish for Plywood Airplanes 


The experience of the Beech company has been that any 
of the direct paint finishes on the external plywood surfaces 
has not been found generally reliable. Sooner or later this 
direct paint finish breaks down and the wood surface 
begins to deteriorate. The best system which has been 
found for the protection of the external surfaces of the 
plywood has been to apply to the external surface several 
coats of a wood sealer and then dope down to this surface 
a light weight airplane fabric which is then finished in the 
typical fabric covered airplane system. 


This system has proved far more reliab 
ability and useful life than the direct paint 
results in a very small increase in weight « 
paint system, but it is less expensive to apply 
applied at a faster rate than any other system wit! 
we have been familiar. 


@ Gluing Technique 


[he AT-10 airplane was the first plywoos 
in large quantities to use the newer urea-t 
glues. Previously and for years back casein 
the rule. Casein glues were subject to bact 


The urea 


glues were much better in these respects. I 


were not very mioisture-proot. 


sufficient joint strength for the average v 
aircraft construction 
The Army Air Forces was insistent th 
be used on the AT-10 airplane contract. M 
was encountered initially in complying wit 
because of our inability in finding a glue th 
factory for our production processing and 
reliable for practical use. Finally, plaskon Ni 
decided upon as the most usable and pra 
formaldehyde glues which had been investig 
decided to use this material in production. 
The plaskon glue required the setting 


, 


handling and control methods than casein, but 
the technique was put into effect very little 
there on was encountered with its use. A cha: 
this material which was found quite useful a1 
much effort was devoted to the advantage 
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a Fig. 23-Typical rib construction used in outer panel 
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teristic was the rapid fall-off in ume required for the glue 


to set at elevated temperatures. The time for the glue to 
set was about as follows: 


Deg at Glue Line Hr 
65 8 
go 4 
120 2 
220 3 min 


The glue should not be used at higher temperatures than 
about 220 F and for only short intervals of time. 


Many special heating devices were developed to accel- 
erate glue curing such as hot plate presses, moisture con- 
ditioned ovens, infrared lamps, and electrical heating 
elements next to the glue line. All these different methods 
were extensively employed and were very successful. 

We have elaborated rather extensively on principles of 
design of the plywood airplane, thinking this information 
is not as widely distributed at this time as there is interest 
in the subject. This discussion has also been made in order 
to illustrate many of the shortcomings of wood construc- 
tion over those of the now common metal fabrication. We 
are now in a position to proceed to the second part of our 
discussion, where we will attempt to make a more complete 
comparison of the wood versus metal aircraft construction. 


Part Il 


Wood airplane design is old, although its application 
has lain dormant until relatively recently when it has been 
revived. The sponsors of this revival have laid broad 
claims on the wood airplane. These same men have sug- 
gested wood as an easily obtainable and nonstrategic mate- 
rial and have promoted the design and construction of 
wood aircraft to the point where there is question as to 
whether the procurement of these aircraft materials is not 
just as critical as those of the light metal alloys. 


In the last few years, typical collective psychology has 
seized aircraft men and it has been advanced that wood 
materials would solve all aircraft construction problems 
and material shortages. Such a wave of enthusiasm is not 
justified and an attempt will be made to show practical 
limitations of wood in aircraft construction. One of the 
principal limitations in wood aircraft construction is air- 
craft size. As the size of aircraft increases, it becomes 


more difficult and impractical to use wood as a structural 
material. 


Due to the complication of airplane structure, it is 
difficult to deal with generalities and get general conclu- 
sions that are reliable. The design of the airplane structure 
is so complicated that trying to base general conclusions on 
simple and elementary principles usually leads to unre- 
liable results. We are, therefore, proceeding with our 
investigation on the basis of applying the structural design 
principles to specific structural parts fabricated, in one 
instance, of wood materials and, in the other instance, of 
metal materials. From the results of such structural in- 
vestigations which were made in reasonable detail, various 
interesting conclusions relative to the merits of the two 
types of structure can be made. 


In some of the general analyses, for example, certain 
characteristics of the material have been investigated to 


draw weight and strength conclusions. For instance the 





allowable column load for column instabjj 
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a 
Therefore, we could conclude that the strengt} capacity i 
of the material varied as in the expression 
~ s . 
rea (S) 
t aati 
Since ¢ represents the density of the wood, it is obyigg Te 
mathematically speaking that for equal weights the may NS 
rial which gives the largest value to the following expry, » Ih 
sion would be the lightest structural materia] 5 
eB): 
E es 
rs (=) 
5? “i 





On the basis of this elementary reasonu 
sions would be that wood is the lightest n 





nateria 
given strength, magnesium would be the second in weigh. 
strength ratio, aluminum alloys would be in third 
and steel would be the least strong for a given weight 
This reasoning is largely in error because the problem i 
a great deal more involved than the simple explanation 
which we have used here. This analysis has been pointed 
out here because in the past a number of individuals have 
drawn erroneous conclusions by simplifying their analysy 
to this extent. It will be shown later when the problem is 
investigated more fully that these strength weight 
are not correct. 










ratids 






@ Numerical Example for Comparison 


Because of the limitation of time available most of the 
structural comparisons will be made by analyzing the con 
struction of a wing on the basis of wood or dural construc 
tion. It is obvious that, in a general way, th u 
ment will apply to the other principal structure of the 
airplane. 


















In our detail analysis, we will consider two airplanes, ont 
of 7500-lb gross weight and one of 2400-lb 











and investigate the design dimensions and relat ohts 
of the structure required to support the load 
both wood and metal. 

















@ Wing Geometry 





The airplane for the 7500-lb example will have te 
following detail characteristics as a part of the requitt 








ments in the design of the structure: 

















Gross Weight, Ib 750 
Aspect Ratio, R 
Root Airfoil, NACA, A 
Tip Airfoil, NACA, A . 
Gross Wing Area, sq ft Om 
Taper Ratio 

Weight Wing Structure, assumed equa 






































Using these basic data, the 


span figures ar 
the following: 








ee 








518 in. 
Root chord = 127 in. 
Tip chord = 42 in. 
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arrangement of the wing conforming to 
ns is shown in Fig. 25 and is typical for a 
airplane of this gross weight. It will be 
nain spar is located at 25% of the wing 
: | fase t 
ues for accelerations are 6.5 for the wing ; a 
for landing loads. In the landing con- 
imed that the airplane is in a three-point 
that 85% of the total load is on the main 
latter approximation is quite close to the 
for almost all airplanes of the type 


FRONT SOAK 


n Fig. 26 has been drawn for the deter- 
wing contour dimensions for any point 
Ordinates of the wing contour can be 
tly from this chart. By the use of this 
le to determine the specific depth of spar 
This information is necessary in order that 


may be proportioned. 


Determination of Actual Load and Moments 


w established the data by which we may 
loads, shears, bending moments, and torque 
It is not practical or particularly instructive 
ich elaboration or refinement in the calcula- 
listribution. The following assumptions will 
for computation: 
2 1s trapezoidal in plan form. 

id is uniform spanwise. 


; m Fig. 25- Wing arrangement on assumed airplane 
lynamic center is on the 25% chord point. 
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m Fig. 26 (above) —Spanwise plot of wing or 





m Fig. 27 (left) Diagrams of wing air loads 








4. The unit wing weight is constant throug 





entire W ing area. 





1 } ape 
DaCK OT thet 


5. The wing c.g. is 141 in. 
line. 





The recommendation to use a single mai 
the entire bending load is here assumed 





will have pin end connections and will serve 
complete the torsion box and to transmit the axial aid 
shear loads. With these assumptions established, 
sible to proceed with the detail investigations 







The diagrams of wing load distribution and w a 
are shown in Fig. 27 
loading and: 





Diagram C is for unit spanwit 
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The shear curve is determined by the standard procedut 



















bi 
fi 








in which the curve is obtained by the integration o @ 














span loading curve: 
s | A 


The bending moment curve is determined bj 


erannge 


integrava, 















the shear curve: 
M = [sae 
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mined by these mathematical relations 
| and are as shown in Fig. 27. Com- 
he air load torque are also indicated on 
letails of the calculated figures will be 







anding Gear Reactions 





the landing gear is shown in Fig. 25. 
he ground considers the landing gear 


: action at the wheel is 
6.0 . 
SF 7500 (- ~) = 19,150 lb. 
2 
ut the 
ih) rs ” - : 
. | ) 6.0) (85%) = $43,000 in.-Ib, 


| shear at station 78 
0 sin 75 deg = 18,500 in. 


tical shear station 78, allowing for wing 


8.500 — (3.8) (6) (90) = 16,450 lb. 


Critical Structural Station for Comparison 


tation 78 in. outboard has been taken as critical for 
and as a typical representation of the problem 
Diagram A (Fig. 28) is a section through the 
nd shows front and rear spars and the wing tor- 
Diagram B is an end view of the center- 

and shows the location of the wing fitting 


panections for the outer panel. 
marizing the data from our previous computations 
rves, we have the following basic data on which to 
‘ ture: 
Station 78) 


Component Bending Moments, in.-lb 960,000 






Shear. lb 12,600 
n Spars, lb 3,750 

Bending Moments, in.-lb - 190,000 

Shear, Ib — 2,520 

Airload Torque, in.-lb — 72,400 








(Station 78) 







¢ Shear, lb 16,450 
orque, in.-lb 843,000 

Shear, Ib — 42430 

t Axial Load Negligible 





thods of calculation will be used in the 
the sizes, stresses, allowable loads, and 
embers. 














Design of Station 78 (Wood Construction) 


5 29 is a diagram showing the design of the wood 
me tructural requirements of the present example. 
ils selected for the construction of the spar and 
are as follows: 









Verin 








Pecember, 1945 


Spar caps Douglas Fir 
Webs Diagonal Mahogany Plywood 


Skin Covering Mahogany-Poplar Plywood 
Filler Blocks Poplar Plywood 


The particular materials selected have been on the basis 
of giving optimum results for the particular application 
used. The dimensions of the spar section at station 78 are 
shown in section A-A of Fig. 29. 

Table 2 summarizes the results of the computation of 
the structural investigations. It also includes information 
on the weight of the construction per inch of span at the 
station investigated. 


Table 2 — Results of Structural Computations 
for Wood Construction 


Unit Allowabie Weight W 

Stress Unit Stress M.S. ib per in, | 
/ F % span 
Upper Cap 6550 7000 6 221 
Lower Cap 9800 11500 17 .128 
Web 2370 2350 0 .212 
Shell or Wing Skin 2330 2350 0 637 
Filler Block or Bulkhead i : .900 
Total Weight of Structural Elements 1,096 





H Design of Station 78 (Metal Construction) 


The material assumed used throughout in the metal 
construction is 24S-T extrusion for alclad sheet. The beam 
is designed as a typical thin web beam. The area in the 
beam caps will be taken as the area in the cap proper. The 
area in the tabs will be neglected. Fig. 30 shows the design 
schematic of the spar using the metal construction. The 
radius R of the upper cap has been determined to be 0.500 
in. and for the lower cap R = 0.35 in. 

The spar web thickness has been determined to require 
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m Fig. 28—Critical structural station used for comparison 
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m Fig. 29 — Design 


material of 0.064-in. thickness. The shell covering has been 
determined as requiring 0.032-in. sheet material. 

Table 3 again summarizes the results of computations 
without showing detail calculations. The data from these 
computations are given in Table 3. 


Table 3 - Results of Structural Computations 
for Metal Construction 


Unit Allowable Weight W 
Stress Stress M. S. ibperin. % of Wood 
f F % gpan Weight 
Upper Cap 47 ,000 52,000 10 0.167 76 
Lower Cap 45 000 58,000 28 0.120 95 
Web 49.900 50,000 0 0.104 49 
Shell or Wing Skin 38,400 38,500 0 0.326 61 
Total Weight of 
Structural Elements 0.717 61 





In Table 3 we have also indicated the relative weight of 
the metal construction to that of the wood construction. It 
will be noted that there are quite substantial possible sav- 
ings in the weight of the structure when fabricated of 
metal. This weight saving is further augmented in that 
the light vertical stiffeners for the metal spar are propor- 
tionally lighter than the plywood filler blocks which are 
necessary in the wood wing construction. Further and 
additional weight savings will result through the greater 
ease of attaching fittings to the metal structure. These 
fittings can be attached without the usual amount of 
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of wood spar 





reintorcing which is necessary when apj 
wood structure. 





@ Effects of Structural Size and Weight 


In order that some idea may be had 
variation in size and weight as affecting the 
tages of wood and metal construction, wé 
the structural requirements for an airplan approly 














mately one-third the gross weight of the exam; 
discussed. It will be assumed in the following 
the gross weight of the airplane is 2400 |b 
ing is 14 psf, and that the wing weight is 3 | 
area A = 2400/14 = 172 sq ft. Other b. 
given earlier. 





The dimensions of this airplane will 
geometrically similar to those of the pre‘ 
The relationship of the dimensions will be 
following expression: 


D / A 
D, 


[ 172 
2 \ 300 
Any dimension required for the small airplane 
determined by multiplying the dimensions 
airplane by the factor 0.757. Thus, Do = D; (0.757 
By means of conversion coefficients which can | | 
at by a consideration of the geometrical similitude ‘3 - 
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values for bending moments, shearing 

quantities directly from the curves pre- 

r the larger airplane. We will not discuss 

in determining these coefficients but will 

tinal comparative results shown by struc- 
, ts to support given loads. 

a nd 4 of Fig. 31 show the dimensions re- 

ind metal construction for the structural 

2400-lb airplane. The miaterial which 

to be used in the wood construction of 

ple has been the same as in our first 

it the spar caps are of spruce instead of 


} 


lata are summarized in Table 4. 













: Table 4 - Summary of Data for 2400-Lb Airplane ' 
Wood Construction 
Unit Allowable Weight W 
Stress Unit Stress M.S. ib per in. 
f F % span 
4870 5000 4 0.074 
2 7120 10,000 40 0.041 
2030 2200 8 0.084 
" \ 1850 2100 13 0.200 
‘ 0.433 
0.399 
Metal Construction 
Unit Allowable Weight W 
Stress Unit Stress M.S., Ibverin. % of Wood 
f F % 3pan Weight 
a 45,400 47 ,500 4 0.049 66 
ower Ca 45,800 58 ,000 26 0.037 90 
ab 33,800 42,000 24 0.050 69 
hol! or Sk 20,600 37,000 80 0.192 96 
Structur 0.328 82 


It is obvious that even in the smaller size of airplanes the 
weight of the metal structure is still more tavorable than 
that structure made of wood, although the apparent per 
centage advantage has been reduced slightly. In order to 
give the reader a mental comparative picture, the spar and 
skin shell structural design for both the 7500-lb airplane 
and the 2400-lb airplane (both wood and metal) have been 
Che greatly 
reduced bulk of the metal structure required is very obvi 


shown in Fig. 31 drawn to the same scale. 


ous from these diagrams and it is easily imagined that a 


substantial weight saving would result through the use ot 


g 
metal construction. 

From the comparisons which have been made, it is 
obvious that the strength-weight ratio of wood versus 
metal aircraft holds throughout the practical range of air 


plane size. There are other considerations which govern 


the use of metal and wood in an airplane design other than 
the weight-strength efhiciency factor. There is, for example, 
the cost of fabrication and the cost involved in tooling for 

hat when only a few 


production. It is obvious t airplanes 


ire to be considered the tooling required for manufactur 


niane C , 1 of , 1] } t deal | 
Ing airpiahes or wood structure will be a great dea SS 


than that required to fabricate the structure of metal 


Furthermore, the wood construction lends a great deal of 

facility for rapid and inexpensive alteration in case changes 

in design are required. This might indicate an advantage 

for the wood airplane which is built for experimental pur 
' 


poses or where relatively few airplanes are to be made 
s | 


In large quantities, the cost of fabrication of wood 
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a Fig. 30—Design of spar using metal construction 
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mn Fig. 31 - Comparative size of spar material for wood and metal construction 


versus metal construction has a somewhat different aspect 
and this point will be discussed briefly later on. 


& Limitation on Minimum Material Thickness 


It has been found from practical experience that it is 
impractical to use skin thicknesses of less than 0.020 in. in 
dural due to poor fatigue characteristics and difficulty of 
driving rivets and preventing buckling and warping in the 
riveting operations. Thinner gages may be used as far as 
static structural strength is concerned but it is suggested to 
stay within the limits specified in dural. 


Also, it has been found that 3/32 in. is about the practi- 
cal minimum limit for plywood covering. Thinner skins 
have a tendency to warp, wrinkle, and get flat spots in the 
covering. Plywood of 1/16 in. has been used but has not 
been found entirely satisfactory for the reasons mentioned. 
The 1/16-in. covering has a bad tendency to “draw” under 
the influence of the glue drying operation and each rib will 
easily be distinguished. 


In spars, it is impractical to use webs under \% in. for 
single webs and 3/32-in. plywood for double webs. There 
is no objection to a minimum spar web thickness of 0.020 
in. in dural. 


On the basis of equal weights per unit of area, the 
combinations to be determined are equivalent, and we note 
the tensile and shear strength ratios of metal to wood for 
average conditions in Table 5s. 









ONS Ti 


Table 5 — Strength Ratios of Metal to Wood 




















Mahogany-Poplar 24S-T Weight, Shear? Tensile 
Plywood Dural psf Ratio Ratio 
lig 0.016 0.22¢ 1,96 2.3 
32 0.020 0.29 1,75 81 
yy 0.025 0.37 1,57 
6 0.032 0.50 1.45 
* Weight of 0.032=in., dural= 0. 462 psf. 
+ When tension field wrinkles are permissible. 
¢ For fabric firish over plywood add 0,055 psf. 
@ Costs of Construction , 
In considering costs of construction, several points m 
be considered and are frequently lost sight of. 
First, it must be remembered that the cost of the stu 


tural fabrication which we are considering may be om 
small portion of the total cost of the airplane. For exami 


the costs of such items as the engine, propelle 
accessories, cowling instruments, wheels, landing 


trols, seats, electrical system, and windshield ; 
any affected by the particular method of wo 


construction. Furthermore, the type of construct 


have little influence on the costs of installing 


ment. On a typical airplane, it was found that 
me 


24% of the weight empty could be credited to 


substitution of wood materials. 
Summarizing, we find that the cost of the va 
rials will run for average conditions: 
Spruce (allowing 40% waste) = 5o0¢ per |b 
concluded on page 718 
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PRubber Tracks for Agriculture 


by C. 0. SLEMMONS 


Manager, 


Rubber Track & Bogie Tire Development Department 


The B. F. Goodrich Co. 


‘ 
‘ 
YP 
the search for greater traction, designers have for many 
ears sought to apply tracks to farm machinery. This 
im of mobile support has tempted them because it can 
vide low ground pressure and high tractive ability. 
ere has been no question as to the superiority of a track 
‘ these two counts. Prior to the development of the 
track, however, the tracks that they have 
my ncorporate in their designs have been costly, 
chanically inefficient, and limited in performance. 
SOT}: development of the rubber band track a few years 
added outstanding performance and high 
chanical efficiency to the desirable characteristics of a 
oc’ ME® suspension. These additional contributions by the 
— ¢ t of the rubber track were presented in a paper 
Mayne a Delzell.? 
Since this paper was presented, we have gained a great 
experience in the technique of designing rubber 
ick suspensions. This experience has better equipped us 
k the problems that must be solved in order to 


ch sought after characteristics of track suspen- 


ilable to agriculture. 





Three General Types 


nree general types of rubber tracks have been devel- 
All three types possess attractive features for agri- 
tural applications. The size and duty of the tractor or 


achine determines the selection of the track type. The 
ee a er 

er track efficiency and performance characteristics are 
three. 


my 





Band Tracks ‘ 
The 2 rubber band track, developed by the B. F. 


Co., and used on the familiar Army half-track, 
he original type developed. This track has 
ess due to rigid cross members through which 
force is transmitted. In order to restrict the 

ing of the track along its longitudinal axis, the guide 
er interlocking. The sprocket drive engagement 
the hardened surface of each cross member. 

of this track, which incorporate simplified 
tures and fewer parts, have been developed. 

e, the expensive guide forging on the 12-in. 

has been replaced with hot and cold formed 


was presented at a meeting of the Milwaukee Section of 
waukee, Wis., Sept. 13, 1945.] 


lransactions, Vol. 50, March, 1942, pp. 97-101: “The 
Tractor Goes to Town,” by R. Mayne and H. W. 


yecember, 1945 








stampings. The forged grooved-type crossplate has been 
replaced with single stampings. The wear surface that 
contacts the sprocket has been transferred from the non- 
replaceable crossplate to the removable guide. 

The extent to which simplifications such as these can be 
carried out is dependent upon the undercarriage or suspen- 
sion into which the track is incorporated. For example, 
small, load-carrying rollers, closely spaced and with resil- 
ient mountings prevent high track loadings. This reduc- 
tion in track loading permits the use of lighter crossplates 
and guides and eliminates the need for interlocking wings 
on the guides to prevent track twist. The use of articula- 
tion (walking-beam construction) wherever possible also 
helps in the reduction of impact loads. 

The sprocket can be simplified if it is placed in such a 


position that it does not carry load. The carriers or track 





ANY agricultural engineers have long sought 
M means of utilizing the undoubted advan- 
tages of track-laying vehicles; that is, superior 
traction and flotation. However, because of 
mechanical inefficiencies and high cost, tracks 
had not gained any wide-spread favor until the 
development of the rubber track shortly before 
the war. 


The impetus of war brought a period of in- 
tensive research into the uses of rubber tracks, 
and Mr. Slernmons believes that the rubber track 
is destined to be more and more widely used in 
farm work. 


In this article he discusses in detail the means 
by which rubber tracks have been applied to 
various vehicles. He discusses these tracks under 
the three general headings: 


1. Band tracks. 
2. Band block tracks. 


3. Flexible, friction drive tracks. 





THE AUTHOR: C. O. SLEMMONS (M °43) is man- 
ager of the rubber track and bogie tire development de 
partment of B. F. Goodrich Co. An alumnus of the Uni- 
ersity of Iowa (1933), Mr. Slemmons has been a leader 
in the design, development and testing of rubber tracks 
und solid tires for the past five years. 
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a Fig. | -Tractor model that eliminates metal-to-metal guiding 
in the track 


supporting rings on each side of the sprocket, which are 
required to protect the track cross members from ground 
impact loads, can then be eliminated. This permits the 
track crossplates to be carried on the sprocket at the base 
of the teeth, and improves the sprocket-to-track engage- 
ment by eliminating the pitch line variations resulting from 
deflection of the cushion. 


Further simplification has been effected through the 
elimination of metal-to-metal guiding. An application of 
a track incorporating this feature is illustrated in Fig. 1. 
This suspension replaced 9-38 tires on a two-plow tractor. 

Two rubber rails which engage with flanges on the load- 
carrying rollers transmit the guiding forces. Considerable 
cushioning is gained by carrying the rollers on the rubber 
rail. The elimination of metal-to-metal contact and the 
addition of deep cushioning makes for quiet, smooth opera- 
tion. Carrying the crossplates on the wide-toothed sprocket 
makes it possible to transmit the drive through a small 
number of teeth. 

Articulation and spring cushioning are combined in this 
suspension to make a simple, rugged structure. Individual 
wheel springing and articulation, which would afford the 
ultimate in ride, traction, and low track impact have been 
sacrificed in this compromise. The single walking-beam 
incorporating a leaf spring, with no bogie coming directly 
beneath the pivot point, provides reasonably good track 
cushioning and a smooth ride. 


We have not attempted to design this undercarriage for 
production. We expect the designer of tractors or machines 
to do that. We designed and built the suspension to de- 


a Fig. 2— Studebaker weasel 


eats 2 Sih eee 
‘ lle 
ES a Pe 


a Fig. 3 — Oliver Cletrac-Model HG tractor showing experiments 
application of flexible, friction drive track 


velop and demonstrate the principles on which such a 
application must be based. 


@ Band Block Track 


A second type of rubber track which has figured qui 
prominently in this war is termed a band block trak 
This type is used on the Studebaker weasel (cargo carrie 
light, amphibious - M29-C) (Fig. 2) and the Cletrac ai 
port tractor (medium tractor M-2). 

The weasel application is an example of providing \o 
unit pressure combined with low track weight. Two 


ing points each, carry the 6000-lb vehicle over 
anything that has a surface.” 

The weasel track incorporates a series of grouser | 
which are the flotation members, connected with rubver 
steel bands. Four such bands on each track develop t& 
greatest amount of stability with the least 
grouser plate, the grousers, and the guides 
from No. 16 and No. 13 gage alloy steel. The | 
ride on the inner bands. The bands are 
optimum point for maximum beam strength ir 
plate. 

The necessity for light weight prevented the 
locking guides. It was found that a single 
with dual sprockets provide self-cleaning of s! 
debris. The heaviest gage metal in the trac! 
thick driving plate upon which the sprocket 
This track weighs 16.6 lb per ft. To the r 
this track are applied rubber pads which stab 
and resist road wear. The single center ste 
held up off hard surfaces by the rubber wh 
skidding. The steel grouser comes into play 
tration increases. It is interesting to note that 
and idler supporting drums on the weasel are 
in diameter. This made the low track profile 
important feature in the design of the hull. 

The 14-in. wide track on the Cletrac airp 
capable of handling 24,000 Ib of tractor at 
40 mph. This track has a minimum breaking 
57,000 Ib, which can be increased by approx: 
if required for unusually hard service. The 
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« Fig. 4-Drive wheel section -Cletrac tractor 
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sca des are bolted onto this track and are easily replaced if 
aces. Either completely rubber or combination steel 
blocks may be applied. Unlike the weasel 





rubber 
k the two bands of this track - molded about heavy, 
ged crossplates — produce a dual, integral construction. 
eotially, it is a 12-im. band track which has had the 
j removed and rubber covered blocks attached. It will 
noted that on this type of track the roller load is dis- 
uted over a much greater area of the ground than in 
case of the band type, which has no plates to distribute 
oad. To obtain low ground pressure with this type of 
is also essential to have numerous load rollers. 
bis will be explained later in the paper. 

The roller design on a block-type track may be varied 
thin wide limits without materially affecting the flota- 
Nn. 


cK it 










Steel or rubber rollers on the steel plates, or rubber 
llers riding on the surface of the band may be employed. 
here a wide track is used it is possible to employ the 
lapping bogie design used on the German half-tracks. 
variations possible in this track simplify the 
blem of applying tracks to a wide range of vehicles. 
The use of a simplified band block track in conjunction 
ith a suspension similar to that shown in Fig. 1 should 
leal f tors and self-propelled combines operated 
The flotation member or grouser plate can 
‘signed to provide quite low ground pressures. The 
r guid er pads on the grouser plates permit the movement of 
ud, of ¢ machine over hard-surfaced roads. 


e¢ many 


Ler ented 


a Hlexible, Friction Drive Track 


ace @ ine t 


eneral type which has been developed may 
ble friction drive. No stiff cross members 
are required for the proper functioning 
rack. The track is usually made up of 
e, and fabric. In some cases no fabric is 


in experimental application of this type of 
er Cletrac - Model HG tractor. This is a 
tractor weighing 3150 lb. The track 
by friction between the rubber rails and 
lrive wheel. The gripping force is devel- 
plication of mechanical advantage to the 
Fig. 4 shows a section through the track 
l. Fig. 5 shows the roller load contact and 























m Fig. 5—Load roller section —- Cletrac tractor 














m Fig. 6—Drive wheel section — friction drive track of flexible type 























m Fig. 7 —Load roller section — friction drive track of flexible type 


rubber rail guiding. J¢ will be noted that the complete 
flexibility of this track required that the load roller contact 
as much of the track width as possible. The placement of 
the two tension cables directly under the rails provides 
them with a maximum of cushioning and prevents damage 
from rocks or other sharp objects. 

The action of the track as it grips the drive wheel pro- 
vides automatic cleaning of the tread design, because the 
flat face of the track is pulled into a convex form which 
sheds the soil. Cleaning of the roller grooves is accom- 
plished under most conditions through a wiping action 
which results from the differential in surface speed be- 
tween the roller and the top of the rubber rail. The dirt is 
removed from the center portion of the track by the drive 
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= Fig. 8—Light, flexible type of track applied to experimental cargo trailer 


wheel. After the dirt is picked up by an annular groove drive requirement. Cushioning on hard 4 
in the drive wheel, it is unloaded on the forward side by vided by the circumferential tread bars. 
the scraper. The articulation of the suspension assembly 

The tread bar design shown provides practically con- point slightly to the rear of the ground contact - 
tinuous support with the use of lateral bars only. This vide the ability to ride up and over w 
leaves the flexing body of the track as thin as the under application, as in the tractor application shov ; 
tread and body structure will permit. The rubber tread is _ the individual rollers are rigidly attached t 
most vulnerable to cutting when elongated. With this beam. This compromise for simplicity can . 
tread bar design the track body surface is held close to the on light machines because of the low order of 


pitch line, thus reducing elongation to a’ minimum. B® Flotation 
Another friction drive track of the flexible type now ' 


being tested incorporates three V-belt sections which trans- The soil in most agricultural areas has relat 


mit the sprocket drive to the track. Figs. 6 and 7 illustrate supporting strength when it is undisturbed. Ir 
the drive and bogie arrangement. it and preparing it for seeding, it becomes a very porou 
This light, flexible type of track has many desirable structure with low supporting strength. When 
characteristics for the application of track flotation to light is packed down it regains its solid structure. Howeveg 
machines and cargo trailers. Fig. 8 shows a drawing of an when this soil is turned into mud it displace 
experimental application to a cargo trailer for use in crop sure and little packing takes place. The problen 
lands which have very low supporting strength. This to develop a ground pressure which is lov i 
trailer weighs approximately 4000 lb and must travel up prevent harmful packing and power wast 
to 12 mph. The requirement for this application is good adequate machine mobility. 
flotation with ability to ride up and over ridges and ditches. Design problems would be simplified if we a 
Flotation is obtained by using a 10-in. wide track loaded sume that multiplying the length of ground act Of 
on four points. This track is similar in profile to the fric- the track width would give us the area which ha ra 
tion drive track, except for the internal structure and tread ground pressure. (This assumption has been 1 
design, which are simplified by the elimination of the times by designers of track-type machines). T! 








a Fig. 10-Track suspension shape on loose sc machine 


a Fig. 9—Track suspension shape on loose soil — static condition moved forward 
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h bends treely one direction but tien over soil of very low supporting strength. This dem 
in the opposite direction onstrates the lack ot support between rollers « 1 flexible 
or that matter any hinged track track 
triction as 1n the case cited above, he notatio! iclto pre t welg dist yu 
. 1; | } | : 6f 
le SOIL OVEer a small area directly under on, must then bt i sum ition oO eral t I 
1 : : ca , +) 
. most soil structures have very little Lumber load roller ) oust e and iy 2) 
wctically no support through an rack w h, (4) ground cor t. and ) roller e. J ‘ 
¥ en the load rollers Ii a venicle actors are listed ol I nr in | | 
nsion on it were to be picked up by ortunate no one ha O | nt 
to loose soil, th contact vith tl ( titative efiect ( ict< z 
is shown in Fig. 9. In this stati reason for the lack o eful data t ria ( 
utenaries are established which con lition that we must contend wit A not! 1S( ha 
o the load distribution. Now, if tl roper weight yutION <« he loa ol] r ts a 
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rd, it will contact tn ground as omple> obpien ( I irticuiation. | oO 
As ing equal static loads, each su gravity But in the design na nery the r( 
s the soil only slightly more thar ems are less difficult, b 11 r i o be deal vitl 
a slight difference in packing is is not as varied or as dif i 
1 ectior ot the cround reaction tary | | | on 








Flotation requirements are just as little understood as 
most of the factors menuoned above. The only approach 
we have to immediate problems is to make as sound 
judgments as possible based on our experience. Attempts 


are now being made to gather data that will help improve 
the accuracy of prediction. 


@ Traction 


Generally speaking, traction can be developed easily it 
flotation and efficiency are ignored. Steel grouser plates 
can be employed with the rubber bands which will bite 
into any soil surface. Of course, such traction is gained 
with a loss in efficiency, because it takes power to push 
the long, sharp grousers into the ground and lift them 
out. Flotation is sacrificed also because such grousers 
will disturb the porous soil structure or soft mud and re- 
duce the supporting strength. 

A rubber tread surface can be designed to present many 
edges which will form to the soil contour and produce 
the shearing force that opposes the tractive effort. At the 
same time, the flexible body of the track will hold down the 
soil firmly between the tread bars and produce a high 
shear in the soil. 

Now, to achieve the best traction and flotation, rubber 
track design principles require that numerous loading 
points be used, that is, many load rollers. The greatest 
net tractive effort can be developed when the high flota 
tion requirements are met. 





Fig. 11 shows the relationship bet 


load rollers on a fully articulate; 


similar in profile to that shown in 


Fis 


the three center rollers on this test 


change the ground contact from 40 j 
to 18 in. tor the three. However. 
against the ground in both cases. 
curve shown was run as a control. 


employed on all tests that we have r 
that the five roller suspension proc 


than the three rollers. 
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An interesting feature of the 
shown in Fig. 1 is that the sprock 
ground reaction. This result is 


placement of the pivot point. U 


tr 
ul 
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art 


prod 
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tor, the track is held in flat contact wit! 
less of drawbar pull. This maintains tl 


The purpose of this discussion has bx 
tractor and farm machinery engineers 
tures of rubber track application and 
problems encountered. In this presentat 


problems have been handled, we hav: 


| 


the necessary compromise and weight 


factors involved. It is hoped that this 


thought on the solution of the design | 
medium of traction and flotation 


available to agriculture. 


Wood vs Metal Construction 


Continued from page 712 


Plywood (allowing 15% waste) = 97¢ per lb (average 
thicknesses ). 
24S-T Alclad Sheet and Extrusion (allowing 15% 


waste) = 60¢ per lb. 

17S-T Alclad Sheet and Extrusion (allowing 15% 
waste) = 50¢ per |b. 

Waste wood or scrap goes up in smoke through the 
incinerator, scrap dural may be sold as scrap on the market 
at an average price of about 10¢ per Ib. 

The question of savings must rest mostly with economies 
in fabrication of the wood over that of metal. Not only do 
we observe that the basic material is more expensive on the 
whole but is heavier also, adding further to the expense. 
Of course, in the smaller and less expensive designs, a 
greater portion of the total weight and expense will be in 
the part of the structure considered and it may be that 
enough saving in fabrication is effected to make the wood 
airplane the cheaper. It must be admitted that the tooling 
expense for producing the wood airplane will be consider 
ably cheaper than that to produce the metal airplane. For 
limited production, therefore, the tooling problem may 
greatly favor the wood construction. 

From experience at Beech, we are convinced that when 
an airplane is designed for production facility there is little, 
if any, advantage of wood over metal construction, the 
indications being that for practical purposes both will be 
the same. The finishing and protective coating add extra 
weight and expense to the wood airplane for which we 
thus far have made no cost allowance. 

The fabric covered plywood finish will add approxi- 
mately 0.055 psf. In general, this is the only finish for 
plywood which can he expected to give all-weather protec 
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tion and satisfaction. Metal structu: 


APPENDIX 


Table 6 is appended as being of pre 
reader. The Army and Navy departi 
time of maximum interest in wood 


paint finish. 


issued contracts to several aircraft compa 


fabricate outer wing panels for the A 
American airplane (Navy SNJ-2) and 


made of various types of structural mate: 


the information on these various design 
6, which includes the weight of the 
moment resisted before failure, and cer 
figures relative to strength and weight 


original dural construction used in 


1 
nrod 


Table 6 — Strength and Efficiency Comparisons for SNJ-2 


AT-6 Army Equivalent) Outer Wing P 


Bending 
Moment 
Supported 
Materia Weight at Root 
Magnesium (riveted 
semi-monocoque 158.6 1, 265 000° 
Aluminum 181.5 1, 255 ,000 
Stainless steel 208.0 1,375,000 
M4610 steel 207.9 1,135,000 
Magnesium (welded 
morocoque) 230 1,108 ,000 
Plywood 296.0 1, 250 , 000 
Plywood 261.0 1,032,000 
Plastic plywood 293.0 1,087,000 
Plastic plywood 282.0 1,028 ,000 


Bending 
Moment 
Per Unit 
Weight 


7980° 
6920 
6610 
5480 


4820 
4220 
3960 
3710 
3650 


* Taken from Mechanical Engineering, Vol. 67, July, 


resium Design Considerations and Applications,” by J. C. Matt 


+ Did not fail. 
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M0W-MOTION STUDY 


Injection and Combustion of Fuel 
In a Diesel Engine 


by CEARCY D. MILLER 


Aircraft-Engine Research Laboratory 
National Advisory Committee for Aeronautics 





TILLS from motion pictures taken at the rate 
) of 40,000 photographs per sec are presented 
here, showing the injection and combustion of 
tuel in a diesel engine, as observed through glass 
vindows mounted in the cylinder head. The va- 
rious events, when seen on the motion-picture 


screen, are slowed down to 2500 times their true 


compared with single-orifice and 
nultiple-orifice fuel-injection nozzles. 


Relations are demonstrated between injection- 
advance angle, ignition lag, fuel vaporization, 
smoke formation, and diesel knock as character- 
red by quick inflammation of the fuel charge. 


Production of mixtures too lean for combustion 
is demonstrated with very early injection and 
small fuel quantities. 


THE AUTHOR: CEARCY D. MILLER, who has been in 
service since 1924, with the National 
Advisory Committee for Aeronautics at Cleveland, engaged 
in the study of the physical nature of spark-ignition en- 
gine knock and on further developments in the field of 
high-speed photography. Mr. Miller first went to work 
for NACA at Langley Field, Va. in 1936, a year after 
receiving his mechanical engineering degree from George 
Washington University. He is the inventor of the NACA 
high-speed camera which operates at the rate of 40,00 
photographs per sec. 


Government 





é 


of fuel sprays and combustion as 
nes over a period of about 20 years. 
1 spark-photography apparatus was 

d by the NACA at Langley Field, 
ng fuel sprays at the rate of 4000 


[his apparatus was used extensively 


til the middle 1930’s, and provided 
ation concerning the mechanism of 


May 17, 1945.] 


Report No. 520 (1935), “‘Comparison of Fuel 


ypes of Injection Nozzles,” by D. W. Lee. 
Memorandum No. 644 (1931), “On Atomiza 
F. N. Scheubel 


Memorandum No. 569 (1932), “‘Disintegra- 


Haenlein 


Report No. 454 (1933), “‘Photomicrographic 


by D. W. Lee and R. C. Spencer 


rken,” by O. Mader 


: Memoradum No. 790 (1936), “Tenition and 
ara se of Thesel Fuel Injection,” by O. Holfelder 
Report No. S88 (1937). “Fuel Spray and 
Dression-Tenition Encine Emplovine Airflow,” 

D. Waldron 





f high-speed photography have been 


eeented at a meeting of the Cleveland Section of 


ercines deutscher Ingenieure, Vol. 69, Oct. 31, 
Veiterentwicklung des Junkers-Doppelkolben- 


s of Nozzles and Sprays for Oil Engines,” 
nted before Second World Power Confer- 
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fuel atomization and the relation of injection-nozzle design 
to spray penetration and dispersion. A summation of the 
work done on fuel sprays with the spark-photography 
apparatus may be found in a report by Lee.’ Spark photo 
graphs of fuel sprays have also been presented by the 
German investigators Scheubel? and Haenlein® 

In 1933 Lee and Spencer* presented photomicrographs 
of fuel sprays from nozzles of various types operating 
under various conditions. These photomicrographs were 
taken with a single-flash spark-photography apparatus 
using an electric circuit of a type estimated to provide an 
exposure time of the order of 10~" sec. 

Photographs of combustion of fuel sprays have been 
presented by Mader,® Bird,® and Holfelder.?. Rothrock and 
Waldron® have presented photographs of injection and 
combustion of fuel in a diesel engine taken with a high 
speed motion-picture camera of a commercial type operat 
ing at rates as high as 2500 photographs per sex 

The photographs presented herein were obtained with 
the same glass-windowed diesel engine used by Rothrock 
and Waldron® but with a camera operating 16 times as 
fast. This faster camera. operating at the rate of 40,000 


photographs per sec, was developed by the NACA at 






























































Che cylinder has a 5-in. bore and a > 
engine is brought up to speed 

hred tor only one cycle, during wt 
pictures are taken. Air escapes fror 
each compression stroke of the moto; 


ner 


of 
the compression-release valve show: a 
the cylinder through ports ¥ in. wide, which 


covered by the piston at the bottom of jts stroke 
arrangement causes about 72% of the air charge 
replaced at each engine revolution. This replaceme 
been found necessary in order to avoid excessive red 
of the heat content of the air charge during the my 
pe riod. rr he engine 1S maintained al ¢ perating te tempe 
by means of heated glycerine circulated throug 
in the head and in the walls of the cylinder 

After the engine has been brought UP to s 
auxiliary shatt is engaged with the engine crankshy 
a single-revolution clutch. This auxiliary shaft. thro ug 
assemblage of cams and switches, first provides a sy 
oil pressure to the compression-release valve to kee 
valve closed throughout the firing cycle, then provid 
impulse that opens the camera shutter, and finally te! 
the single charge of fuel to the injection valve the 
the top of the combustion chamber in Fig. 1. The 
shutter automatically closes after a sufficient time in 
to allow injection and combustion of the single 
of fuel. 

The two glass windows on each side of the 





; combustion chamber, as shown in Fig. 2, are 
a Fig. | —Schematic view of cylinder head sae . 
a spacer. Two windows were provided instead ¢ 
each side of the chamber to provide a measur 


case of failure of one of the stressed inner wind 


























Langley Field, Va., _—— the years from 1936 to 1939 Optical System —A 100-w incandescent lamp ¥ 
lhe photographs were taken at Langley Field during the reHlector is placed at the side of the head opposite 
arly summer of 1940. They are the same photographs a: 
shown in a technical hlm on diese] fuel injection and 
ombustion.” The rate of 2500 photographs per sec used 
DY Rothrock and W:. ild Iron” was tast enough to allow 
lefinite conclusions to be made concerning the nature ol 
the fuel spray and combustion. The investigation reported \ os 
herein was, therefore, conducted as a general survey of the = i 
field, designed to obtain photographs of general educationa TS i fl 

ib Vice AUT a 

| 


++ 


value, rather than asa detailed scientinc investigation 

















Ld 
| 
@ Apparatus and Procedure in ean piss 


Engine and Fuel-Injection System — he engine and th 











fuel-injection system used have been de scribed in detail in 
their original form by Rothrock.’® All subsequent modi 


fications of this apparatus have been described by Rothrock 
and Waldron.'! 1 Figs. 1 and 2 show two schematx 


- lind i ; 
views of the cylinder head. As may be seen from thes 
igures the visible portion of the combustion chamber ha 
the shape of a flat disc [he flat-disc portion of th m Fig. 2-—Schematic view of cylinder head 


chamber is interconnected with the interior of the engine 


1 , -. 
cylinder by a vertical passage whos ross-Ssectiol 1S i 





narrow rectangle 
°See NACA Techr Film N Slow-Motion Film Study of 1» 
Presented before ( eland Sectior f the SAE, Cleveland, May 17 f an 


See NACA Technical Report No. 429 (1932), “NACA Apparatus ig Ze M/ 
tudying and or Sprays and Results 








S NACA Te a “Some Effects of 
Advance A ure, and Speed or 
t Com M. Rothrock and ; 
( TD W ' P 
. . an At tue 
%3See NACA Technical Report No. 545 (1936), “Effects of Air a Fig. 3 - Nozzles used for inject atin 
Fuel Rat n } Spray i Flame Formation in Compression-Ignitior 
Fr A.M. Rothrock and C. D. Waldron 
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Che light trom this lamp is light passing through the translucent paper disc goes 
icent paper disc placed between the through the combustion chamber and through the two 
1 the window spacer. The diffused glass windows on the other side of the chamber to the 
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n of fuel and poorly distributed combustion in diese! engine —single-orifice nozzle; fuel quantity, approximately full load 
injection began 3 deg BTC 


rember, 1945 721 





camera. This light is sufficient to allow the camera to against the translucent paper background 


photograph the paper disc at 40,000 frames per sec. The of the fuel, which begins after the injectio 
fuel sprays are, consequently, photographed as silhou-ttes way, is so luminous that it eclipses ee 
i 2 3 4 5 6 7 8 e] 10 i] 12 13 14 15 16 7 
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m Fig. 5—- Injection of fuel and slow, well-distributed combustion in diesel engine — multiple-orifice nozzle; fuel quantity, approximately fy 
load; injection began 3 deg BTC 
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ons. 

onstruction of the NACA high-speed camera, 
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with which the photographs presented herein were taken, 
cannot be made public at this time. 

Operating Conditions — The following engine operating 
conditions were constant throughout the investigation: 
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| engine — multiple-orifice nozzle; fuel quantity, approximately full 























re an ce 


Compression Kauo Approximately 14 


Engine Speed, rpm 1000 
Glycerine Temperature, Leaving Head, F 300 
Other conditions were varied as shown in the hgures. 


® Results and Discussion 


Comparison of Single-Orifice and Muluple Orifice I nyec 
tion Nozzles—Injection and combustion of fuel with a 
single-orifice nozzle and a multiple-orifice nozzle (Fig. 3) 
are shown in Figs. 4 and 5, respectively. The six orifices 
used in the multiple-orifice nozzle are designed to produce 
a fan-shaped spray dispersing fuel droplets as nearly um 
tormly as possible throughout the tlat-disc combustion 
chamber. The cross-sectional areas of the different orifices 
of this nozzle are ptoportioned according to the volume 
within the combustion chamber that each orifice is in 
tended to fill. 

In Figs. 4 and 5, as in all the subsequent figures, the 
order in which the frames were exposed is from left to 
right through row A, then from left to right through row 
B, and so on. Throughout this paper individual frames in 
the figures will be referred to, for example, as frame A-1, 
meaning the first frame of row A, frame C-5, meaning the 
fifth frame of row C, and so on. 

Because each individual frame in the figures is mounted 
on its side, the first frames of Figs. 4 and 5 show the 
injection of fuel coming from the left-hand side of the 
chamber instead of from the top of the chamber, as would 
be expected from an examination of Fig. 1. 

When the camera shutter opened for the shot of Fig. 4, 
at frame A-1, the injection of fuel had already begun and 
the spray tip had advanced almost a quarter of the way 
across the chamber. The spray tip is seen to have traveled 
the rest of the way across the chamber from left to right 
during the exposure of the frames of row A and the first 
15 frames of row B. The average speed of the spray tip 
during this period was about 210 fps. When the photo 
graphs are projected on the motion-picture screen at 16 
frames a sec, the apparent average speed of the spray tip 
scaled to the actual combustion-chamber dimensions is 
approximately 1 in. per sec. 

Throughout rows B and C of Fig. 4 the edges of the 
fuel spray are considerably ruffled. This ruffling, which 
plays an important part in the dispersion and atomization 


of the spray, has been well shown by Scheubel? and Lee: 


and Spencer.* 


The early stages of the injection appear much the same 
in Fig. 5 as in Fig. 4, except that Fig. 5 shows six jets 
instead of one. Fuel issuing from the two central jets is 
first visible in frame A-6 of Fig. 5. When fuel arrives at 
high speed at the rear of the multiple-orifice nozzle, it is 
apparently carried through the two central jets by inertia 
but issues from the other four jets only after considerable 
pressure has been built up at the rear of the nozzle. Con- 
sequently, the jets from the two central orifices become 
visible 0.0001 or 0.0002 sec earlier than the jets from the 
other four orifices. 

The important difference between the injections of Figs. 
4 and 5 become apparent at the end of the injection 
process, at about frame F-14 in Fig. 4 and frame F-18 of 
Fig. 5. In Fig. 4, by the time injection is completed, most 
of the fuel seems to have passed through the visible portion 
of the combustion chamber to the vicinity of the piston 
top. (See Fig. 1.) In Fig. 5, on the other hand, at the end 
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ot injection the tuel is sull tairly well distribut 
out the visible portion of the combustion cha 
difference in tendency of the fuel to pass thr 
piston top is seen more clearly when the phot 
projected on the motion-picture screen than y 
in the printed figures. 

The effect on combustion of the better tuel 
provided by the multiple-orifice nozzle is appa: 
later frames of the figures. Combustion bec: 
in the last few frames ot row E or the first fey 


ALICS 


row F ot Fig. 4, gradually increases in area and bril 
until a peak is reached in row P or Q, and then diminishe 
in the later rows. In Fig. 5 the burning becomes yisibj, 
in the last frames ot row E or the first frames of row f 
increases in area and brilliancy to a peak in row L or M 
and then diminishes in the remaining rows of the figure 
Fig. 5 clearly shows that brilliant combustion at the peak, 
tilled all visible parts of the chamber, whereas in Fig, , 
nearly half of the visible part of the chamber was neve; 
reached by brilliant flame. 

The photographs of Figs. 4 and 5 were taken under the 
same conditions, both with full-load fuel quantity and 
both with injection starting at 3 deg BTC. The quantity 
ot fuel injected in each case was about 0.2 g deg, giving 

fuel-air ratio of approximately 0.07. The combined 
areas of the six orifices of the multiple-orifice nozzle were 
less than the area of the single orifice of the other nozzle. 
It was, therefore, necessary to use a lower injection pres- 
sure for the same fuel quantity with the single-orifee 
nozzle than with the multiple-orifice nozzle. The fuel, 
consequently, must have issued from the single-orifice 
nozzle at a lower speed than from the multiple-orifice 
nozzle. In spite of the lower speed, the mass of the fuel 
passed through the visible part of the chamber more with 
the single orifice than with the six orifices. The reason for 
this fact probably lies in the air swirl that is set up by 
the fuel jet. The jet entrains the surrounding air and 
imparts a high velocity to the air in the direction of the 
fuel movement. By the time the injection is completed 2 
swirl of air results, which carries the tuel on through the 
chamber. The single-orifice nozzle sets up a large switl 
involying the entire chamber in one swirl pattern, whereas 
the multiple-orifice nozzle sets up a number of swirl pat 
terns of smaller scale, which are not so effective in carr 
ing the fuel through the chamber. The swirl pattern st 
up by the spray from the single-orifice nozzle is clearly 
visible when the photographs are projected on the screen 
as a motion picture. 2 

Inasmuch as the various swirl patterns produced by the 
multiple jets must interfere with each other to a consider- 
able extent, thus dissipating their energy in turbulence, 
the relative velocity between the fuel spray and the sur 
rounding air probably remains higher throughout the in 
jection period with the multiple-orifice nozzle than with 
the single-orifice nozzle. As has been shown clearly by 
Lee and Spencer‘, a high relative velocity between the fue! 
spray and the surrounding air is of utmost importance I 
the dispersion and atomization of the spray. The disper 
sion and atomization with the single-orifice nozzle att. 
therefore, probably relatively bad and the penetration 's 
too great. 

Effect of Injection-Advance Angle on Combustion - Non- 
knocking Combustion - Figs. 5, 6, and 7 are three shots 
of nonknocking combustion taken under the same condi 
tions but with progressively earlier injection. Fuel quanti 
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yd in each case (0.07 tuel-air ratio) with the In the original negatives combustion 1s first visible in 


urting at 3, 13, and 23 deg BTC, respectively Fig. 5 in frame E-12, just 78 frames after the start of 

ant differences between the figures are the injection in frame A-6; in Fig. 6 combustion is first visible 

ores longer time interval between the start of in n trame G-4, 108 frames after the start of injection in 
tion | the start of combustion, the progressively frame A-4; and in Fig. 7 combustion is first visible in 
- rval between start of combustion and peak frame H-2, 121 frames after the start of injection in frame 
combustion, and the progressively increased \-8. The first visible combustion may appear somewhat 
nt noke visible. later than frames E-12, G-4, and H-3, respectively, in the 
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printed figures because of the inevitable loss of detail in extensive vaporization of the atomized fuel 
reproduction. 


injection and the beginning of combustion allows more quicker and more violent combustion. Thx 
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rhis « <pectation. Peak brilliance ot combustion de- 
o uu: 4 , . 
lops at \bout trames L-4, K-1, and J-10, respectively, in 
Ecc id 7. These frames were exposed 128, 69, and 
‘a frame ifter the beginning of combustion in the same 
noo 
ngures. 
8 The combustion is progressively more rapid, and there- 


violent, as the injection-advance angle is in 
eased froin 3 to 23 deg. Greater efficiency is obtained 
in the his speed diesel with injection earlier than 3 deg 
BIC. A compromise is, consequently, drawn in practice 
between elliciency and violence of combustion, otherwise 
slied “knock.” In practical engine operation at 1000 rpm, 
23 deg BIC, or even 13 deg BTC, would probably always 
be too great an injection-advance angle. The engine used 
in the tests presented herein, however, differs in many re- 
Espects from a practical engine and should not be expected 
0 produc: objectionable knock under the same conditions 
s the practical engine. The combustion was not sufh- 
ently violent in any one of Figs. 5, 6, or 7 to be objec- 
tionable, as judged by the appearance of the photographs 
projected on the motion-picture screen. With the injec- 
ion-advance angle of 23 deg BTC, however, as will be 
n later, the violence of the combustion is not uniform 
om cycle to cycle. 

Contrary to what would be expected from common ex- 
yerience with open burners, in the high-speed diesel engine 
e quantity of smioke increases with the increasing vapori- 
pation of fuel produced by earlier injection. In the com- 
bustion of Fig. 5, with injection starting at 3 deg BTC, 
practically no smoke was visible throughout the combus- 
ion process. In Fig. 6, with injection starting at 13 deg 
BIC, smoke begins to appear in the frames of row L or 
and this smoke becomes quite dense in the frames of 
the later rows. The smoke has the appearance of a black 
mottling spreading over most of the area of the frames in 
rows Oto T. The fact that this mottling actually is smoke 
annot be discerned from an examination of the printed 
fieure. When the frames are projected on the screen as a 
motion picture, however, the black mottled portions are 
arried around by the swirl of the gases in such a manner 
hat their nature becomes apparent. 


tore moO 







































In the later rows of Fig. 7, with injection starting at 
3 deg BTC, the visible smoke is somewhat less than in 
Fig. 6. Observation of many photographs as motion pic- 
ures, however, has revealed no systematic difference in 
he quantity of smoke visible when the injection started 
at 13 deg BTC or earlier. The visible difference develops 
n the advance of injection from 3 to 13 deg BTC. 

Knocking Combustion — Figs. 8, 9, and 10 present three 
hots of knocking cycles with injection beginning at 23, 
B3, and 43 deg BTC, respectively. The most violent knock 
kcurred in the case of Fig. 8 with injection starting at 
b3 deg BTC. The very violent knock of Fig. 8 occurred 
San exceedingly quick inflammation of the charge in 
rames M-s to M-7. This extreme increase in brilliance 
bf the combustion within two frames is not found in any 
bf the other figures. 


The conditions for Fig. 8 were the same as those for 


n _ NACA Technical Report No. 435 (1932), “Fuel Vaporization 
ad Its Effect on Combustion in High-Speed Compression-Ignition En- 
ine,” by A. M. Rothrock and C. D. Waldron. 


pvt Comptes Rendus, Vol. 197, Nov. 27, 1933, pp. 1296-1298: 
nregistrement des Manifestations Piézométriques Consécutives au 


ape dans les Moteurs 4 Explosion,” by Max Serruys. 

bon onl Mdustrial and Engineering Chemistry, Vol. 24, May, 1932, pp. 

ty Ww Em ssion Spectra of Engine Flames,” by G. M. Rassweiler 
: ithrow. 


itely sever 
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Fig. 7, which is regarded as a nonknocking cycle, except 
that the fuel quantity was about seven-eighths full load 
instead of full load as for Fig. 7. The reduction in fuel 
quantity between the shots of Figs. 7 and 8 is not believed 
to be of any importance relative to the knocking tendency. 
Fig. 8 was selected for presentation in this paper because 
it shows by all odds the most violent knock of all cycles 
photographed. No greater knocking tendency was ob 
served with a fuel quantity of seven-eighths full load than 
with full load with other shots obtained but not reproduced 
herein. 

The violence of the knock in Fig. 8 may be partly asso- 
ciated with the exceptionally long ignition lag, probably 
about 215 frames between the start of injection shortly 
before the camera shutter opened at frame A-1 and the 
start of burning at about frame L-10. No correlation has 
been found between this abnormally long ignition lag 
and any of the known variables. The time of start of 
combustion under the conditions existing for Fig. 8 and 
for Fig. 7 may be merely a matter of chance, or some im 
portant difference in test conditions may have existed un- 
known to the operators. If the difference were a matter 
of chance it would be expected that an engine operating 
under such conditions would be very irregular in the 
degree of knock from cycle to cycle. The fact that such 
irregularity is not encountered in practice suggests that 
the difference between the cycles of Figs. 7 and 8 was due 
to some unknown difference in test conditions. 

The ignition lag of about 215 frames in Fig. 8 com 
pares with a lag of about 166 frames in Fig. 9 and 237 
frames in Fig. 10. Not only was the ignition lag longer 
in the case of Fig. ro than that of Fig. 8 but the combus 
tion in Fig. 10 started more nearly at top center than the 
combustion in Fig. 8. If ignition lag were the sole ex 
planation of the knock, therefore, the knock seen in Fig. 
10 should have been more violent than that in Fig. 8; 
but Fig. ro shows no such rapid inflammation as occurred 
in frames M-5 to M-7 of Fig. 8. 


When combustion started in frame L-10 of Fig. 8 and 
in frame N-10 of Fig. 10, the fuel that had been injected 
into the chamber was completely vaporized so far as the 
photographs indicated. In the case of Fig. 9, and in all 
the nonknocking cycles of Figs. 5 to 7, large quantities 
of unvaporized fuel could still be seen in the chamber at 
the time combustion began. Rothrock and Waldron’ have 
suggested reasons for believing that vaporization of the 
fuel charge actually is almost complete when the chamber 
photographs clear. 

The sudden inflammation of the combustion chamber 
in frames M-5 to M-7 of Fig. 8 is the only case in which 
the high-speed photographs of diesel combustion have 
shown any reaction taking place at a rate comparable 
with the reaction of spark-ignition engine knock. It was 
shown by Serruys’* in 1933 that spark-ignition engine 
knock occurs within an interval of 0.0001 sec, a period 
somewhat longer than that covered by frames M-5 to M-7 
of Fig. 8. 

When the photographs of Fig. 8 are projected on the 
screen as motion pictures, a very violent high-frequency 
vibration or bouncing of the combustion-chamber contents 
is visible immediately after the projection of frames M-5 
to M-7. This bouncing of the gases is much less notice- 
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Fig. 9 — Injection of fuel and knocking combustion in diesel engine — multiple-orifice nozzle; fuel quantity, approximately full loo: ™ 
jection began 33 deg BTC 
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"Fig. 10 - Injection of fuel and knocking combustion with extremely early injection in diesel engine — multiple-orifice nozzle; fuel quan- 


December, 1945 


tity, approximately full load; injection began 43 deg BTC 
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Only that portion of the ignition between frames M-5 and 
M-7 is exceptionally fast. The approximate total time is 
a1 frames in Fig. 8 (L-10 to M-13), 21 frames in Fig. 9 
(J-1 to K-4), and 22 frames in Fig. 10 (N-11 to O-15). 
Small Fuel Quantities with Different Injection-Advance 
Angles - With a fuel quantity of only about one-quarter 
full load injected at 43 deg BTC, a flaky type of combus- 





tion is obtained as seen in rows M to R of | 
the photographs of this figure are projected « 


picture screen, a very pleasing snow-storm 
tained. The individual “snowflakes” may 
gions where the last remnants of the fuel 
orated just before combustion began. These 
probably the only ones in the chamber where 
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m Fig. 11 —Injection and partial combustion of fuel in diesel engine - multiple-orifice nozzle; fuel quantity, approximately one-quor® 
full load; injection began 43 deg BTC 
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sufficiently rich for visible combustion at the under the conditions of the tests, as shown in Fig. 12. 


- tion began. Before the end of the ignition lag in this case the fuel 
Whe fuel quantity is reduced to approximately one injected apparently became so well dispersed and evap 
oad with injection starting at 43 deg BTC, orated that the mixture was too lean for combustion at 
if any occurs, is too feeble to photograph ull points in the chamber. With the same fuel quantity 
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quarts Fig. 12- Injection of fuel without combustion in diesel engine — multiple-orifice nozzle; fuel quantity, approximately one-eighth full 
load; injection began 43 deg 8TC 
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but with injection starting at 3 deg BTC, brilliant com demonstrate the better fuel distribution pre 
bustion developed throughout most of the combustion multiple-orifice nozzle as compared with the 
chamber, as shown in Fig. 12 nozzle on the basis of actual, comparative 
They illustrate how diesel knock, associat. 

ca Summary of Results inflammation time, develops with increasir 
idvance angle. They demonstrate the increa 

The high-speed photographs presented in this paper lag and consequent increased vaporization w 
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a Fig. 13 -—Injection and combustion of extremely small fuel quantity in diesel engine — multiple-orifice nozzle; fuel quantity, appre™ 
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n-advance angle. They also show the increased 
formation with large injection-advance angles. The 
currence of a phenomenon probably identical with 
nition engine knock has been demonstrated in the 
ngine. Finally, it has been demonstrated how mix- 
0 lean for combustion may be formed by early 
tion with very small fuel quantities, whereas the same 
res will burn with later injection because of the con 
entration of the fuel droplets. 


DISCUSSION 


Author's Results Applied 
To Commercial Diesel Engine 


— LLOYD WITHROW 


General Motors Corp. 


HE introduction to this paper tells us that its purpose is to present 

a general survey of the field of diesel combustion. In particular, 
the aim is to obtain photographs of general educational value. For 
this reason, it seems proper in the discussion to attempt to interpret 
the results which the paper presents in terms of what we know about 
combustion in one of the engines that is manufactured by our cor- 
poration; namely, the 71 engine. 


Now it is realized that conditions within the 71 engine differ to 
some extent from those in the apparatus used for this work. But 
even so, the degree to which we can interpret these data in terms 
of what happens in a given engine is a direct measure, it seems to 
me, of the educational value of the pictures. On the contrary, if the 
data cannot be used to interpret phenomena occurring in a single 
commercial engine, we must conclude that the pictures are merely a 
form of intellectual entertainment. 


The pictures of nonknocking combustion in Figs. 5, 6, and 7 are 
of special interest to us. The knocking pictures in Figs. 8, 9, and 10 
are not so much so because the 71 engine is able to operate quite 
well on fuels having a wide range of cetane numbers. You will 
recall that Figs. 5, 6, and 7 show the effects on the combustion 
process of varying the time at which injection began. 

In studying the descriptions of these pictures as presented in the 
preprint, we found it difficult to think in terms of picture frames 
recorded at a frequency of 40,000 per sec. In this respect, I believe 
that we are like all engine men. We find it easier to think in terms 
of crank degrees. Accordingly, the important time intervals men- 
tioned in the paper are included in the left half of Table A and 
are expressed as crank degrees at 1000 rpm. 

Although the data in the left part of this table are, at best, 
rough estimates, their accuracy will suffice for the present discussion. 

The data in the right part of Table A relating to combustion in 
the 71 engine were obtained in the course of a general study of 
pressure development which we carried out for Mr. Shoemaker at 
the Detroit Diesel Division. These particular data were chosen for 
comparison with those in the Miller paper because the duration of 
injection happened to be the same in both cases. In fact, it will be 
noted that the beginning and end of injection in Fig. 6 were 
identical with standard timing in the 71 engine at half load. 

At this point let us digress for a moment and consider how we 


deduced the values in Table A which relate to the combustion 
process in the 71 engine. The procedure is quite old. The best 
description that I have seen in the literature was in a paper that was 
published in 1935 by Gregory,’ then of the Wright Aeronautical 
Corp. He used the method in the analysis of indicator cards from 
both a diesel and an aircraft engine. 


197-199. 


: “Cylinder Events Studied in Logarithmic 
Gregory. 


‘See SAE Transactions, Vol. 30, May, 1935, pp. 191-197 + (disc.) 
” es b 
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This method consists essentially in plotting pressure-volume dia 
grams on log-log paper, as shown in Fig. A. The breaking away of 
the points from the lower polytropic line of slope 1.30 denotes the 
release of enough energy by the combustion process to affect the 
indicator card appreciably. This occurred at 4 deg BTC in this 
particular case. The points made contact with the upper polytropic 
line at 22 deg ATC, and this point is considered to be the end of 
appreciable energy release due to combustion. 

We have checked this method of analysis with corresponding flame 
pictures and pressure cards from single explosions in a gasoline 
engine. In general, it gives quite satisfactory results for the comple 
tion of inflammation. That is, we could predict the end of inflamma 
tion within plus or minus 2 deg from the analysis of the indicator 
cards. For the beginning of inflammation it was not so good. The 
indicator card was not affected until as muck as 1% of the volume 
had inflamed. Thus, the values for the ignition lags as found by this 
indicator method are on the high side. 


Now in examining the characteristics of combustion in these two 
different engines, let us compare ignition lags. In the case of the 
explosions pictured in Figs. 5, 6, and 7, the ignition lags were 12, 
16, and 18 deg, respectively, as the injection was varied over a 
20-deg interval. In the 71 engine, the ignition lags were 8, 9, and 
11 deg, respectively, when the beginning of injection was varied over 
1 10-deg interval. 

It will be seen that the 9-deg ignition lag in the 71 engine — and 
remember that this value, if anything, is too high-— compares with 
an ignition lag of 16 deg in the NACA apparatus when the same 
injection periods are used in both setups. This difference may be 
attributed partly to the fuels used, partly to differences in spray 
characteristics, and partly to differences in air-fuel ratio. But the 
important thing is that the data indicate that the effect of injection 
timing on ignition lag may be predicted with some degree of 
certainty with the apparatus used by Mr. Miller. 

We come now to the combustion process itself. In this connection 
we can raise two very important questions about the meaning of the 
flame pictures in terms of the combustion event in commercial diesel 
engines: (1) Does the beginning of visible inflammation in a diese! 
engine coincide with the release of just enowgh heat energy to affect 
the pressure card? (2) Does the development of violent inflammation 
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m Fig. A- Logarithmic pressure-volume diagram 
































Data from Miller paper 


Table A - Time Intervals Expressed in Crank Degrees 





Data from 71 Diesel engine 
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“Data deg BTC deg ATC deg ATC deg ATC Conditions deg deg deg BTC deg ATC ATC 
Fig. 5 3 12 9 28 800 Rpm 8 7 (ATC) (TDC) 20 
Fig. 6 13 2 3 13 Haif-load 13 2 (ATC)* 4 22 
Fig. 7 23 8 (BTC 5 (BTC) lor 2 Cetane No. 51 18 (BTC) 3 (BTC) 7 19 


* Standard Timing. 








on the flame pictures coincide with the development of maximum 
pressure or does it coincide with the completion of combustion in 
so far as the pressure card is concerned? 

There are several reasons for bringing the idea of pressure develop- 
ment into the picture at this point. First, the combustion process in 
an engine is simply a means tec an end—namely, the development 
of pressure or force on the piston. Consequently, any study of the 
combustion process which, does not ultimately relate to the end in 
view —the development of pressure—is very incomplete even in a 
general survey of diesel combustion such as this is. Second, it is not 
possible to photograph the combustion event in any commercial 
diesel engine without altering markedly the environment in which 
the reaction occurs; on the other hand, it is possible in practically 
every diesel engine to obtain pressure measurements without altering 
the character of the combustion event appreciably. These are the 
reasons why it seems to me that in continuing his work Mr. Miller 
should make every effort possible to relate his flame pictures to 
pressure development. 


Returning now to the flame pictures, one might assume that the 
inflammation process attgins its maximum violence at the time of 
maximum pressure or nearly so. If this is true, it is easy to see why 
diesel engines are most efficient when beginning injection at angles 
earlier than 3 deg before top dead center. By so doing they take 
fuller advantage of the expansion process. Moreover, this can be 
accomplished in the 71 engine without developing knock of the type 
shown in Fig. 8, for example. 

In connection with the time in the cycle at which maximum 
pressure develops, it should be said perhaps that our analyses of 
indicator cards show that in the case of the 71 engine about 60 to 
65% of the energy of combustion is released at the time of maximum 
pressure. This value compares with approximately 85 to 90% in 
the case of the gasoline engine. And this may possibly be the 
explanation for the fact that maximum efficiency is usually obtained 
from a gasoline engine with maximum pressure developing from 10 
to 15 deg past top dead center, whereas in the diesel 71 best effi- 
ciency has often been obtained with maximum pressure coming from 
2 to 5 deg past top dead center. 


The explanation of the smoke formation after the violent inflam- 
mation in Figs. 6 and 7 is not exactly clear to us. The paper states 
that “the quantity of smoke increases with increasing vaporization 
of the fuel produced by earlier injection.” We are inclined to wonder 
about this statement (1) because low-octane gasoline—44 cetane 
number — operates very well indeed in the 71 engine, and (2) because 
the principal merit of the injector, aside from its accurate control of 
the injection period, is its ability to produce a very fine spray. 

On this account we would like to ask some questions about the 
smoke formation: (1) Are you sure that the smoke results from 
increased vaporization rather from coalescence of small droplets to 
form larger ones simply or from the larger droplets themselves? The 
paper states that the charge was not completely vaporized. Moreover, 
we have frequently observed in our window gasoline engine that 
when the flame front passes through incompletely vaporized charge, 
it leaves small clouds of carbon in its wake. This effect can be 
stopped simply by adding heat to the fuel-air mixture. (2) Is it 
possible that the local turbulence created by the spray itself may assist 
in mixing the burning fuel with the air and thus improve the 
combustion? If this is true, the quality of the combustion may 
diminish to some degree as the ignition lag increases. Finally, (3) 
are you certain that the smoke observed in the flame pictures is not 
due to cracking of fuel and/or lubricating oil that may have 
accumulated on the walls during the previous running of the appa- 
ratus as well as during the period between the beginning of injection 
and the occurrence of combustion? 


2 See Journal of the Aeronautical Sciences, Vol. 7, August, 1939, pp. 
— “Sound and Pressure Waves in Detonation,” by C. E. Grin- 
stead. 



















In connection with knocking combustion in the diese] en 
have also observed under some operating conditions, pheno: 
are similar to those found in the gasoline engine. But, it i re 
usual thing to find little or no evidence of a standing way the 
71 engine when knock occurs. 

Fig. B presents an example of the correlation of the freque 
the sound pressure under knocking conditions in a diesel engine 
high-frequency pressure fluctuations of the gaseous charge. These 
records were photographed in our laboratories by C. E. G tad 
and published in 1939.” 

In conclusion, let me say that we are looking forward 
tional excellent werk from Mr. Miller at the NACA laboratories. |; 
particular, we hope to see at some future date what the relationshi; 
is between the inflammation process and the pressure development 
the diesel engine. We are extremely anxious to know what a 
learn about the starting properties of various kinds of fuels when the 
different available additives are used with each fuel. It seems to me 
that this wonderful photographic technique, together with the exce 
lent facilities available at the NACA Laboratories, shou ea 
challenge to Mr. Miller and his coworkers to broaden further 
knowledge of diesel combustion. And by the phrase “to ade 
further” I mean to pursue a vigorous campaign of aggression against 
all phases of our ignorance about this subject. 


HIGH PRESSURE er 
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= Fig. B- High-pressure indicator and sound record of detonating 

combustion in diesel engine (composite enlargement) — engine 

speed: 600 rpm; fuel: high-speed Sheli No. 3; end of injection: 7 

deg BTC; detonation frequency: 3390 cps; sound frequency in air 
3390 cps; full throttle 


Data Similar to that of Author 
Shown by Low-Speed Camera Tests 


— HARRY F. BRYAN 


International Harvester Co. 


N 1938 our company purchased a camera similar to the onc ised 
at NACA in their earlier work by Rothrock and Waldron. A! 
though this camera was barely able to operate at 2500 frames per 
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purchased, a rather extensive photographic investigation of 
:. | injection and combustion in both bombs and engines was 
1 during 1938, 1939, and 1940. 


¢ amount of valuable data was collected during this investi- 
ga spite of the low speed of the camera as compared with the 
ore NACA camera. In general, the procedure followed in our 


work -s identical to that used at NACA. However, a complete, full- 

gle-cylinder, precombustion-type diesel engine was used for 
observations. 

ita presented in Mr. Miller's paper is similar to that obtained 

vestigation, but in much greater detail, due to the higher 

ed. 

fled appearance-of the spray noted in Fig. 4 is characteristic 

sprays we have investigated, whether injected into turbulent 

nt air. In Fig. 4 the small spray drops separated from the 

of the spray by this “ruffling” action are the first to ignite. 

nomenon of air swirl set up by the jet is particularly 

when the fuel is injected into a quiescent chamber and 

ase the penetration of the fuel into the chamber. It may 

that over penetration, as observed in Fig. 4, may to some 

xt jue to a coarse spray. This type of spray would be expected 

6o-in. diameter nozzle at normal injection pressures. 

a greater percentage of the fuel in the spray from the 

ce nozzle will be in the form of large droplets because of 

orifice and lower velocity through the orifice. These will 

the penetration of the spray and delay ignition. 

most total absence of air turbulence in the 

very noticeable to those 


combustion 
who have been working with 
ion-chamber engines. It is probable that the ignition lag 
d in Figs. 4 and § could be reduced by the use of greater air 

nce and finer sprays. 
The turbulent movement of the air when properly directed will 
“winnow” the very small drops from the spray and mix with 
ther ). Ignition invariably occurs where these small drops have col- 
The shorter ignition lag (in Fig. 5) is due to the presence of 
nore small drops in the spray (better atomization) and better distri- 





bution of the spray in the air. 

I ffect of progressively earlier injection observed as increased 
gnition lag (in Figs. 5, 6, and 7) is caused by the reduction in the 
mean temperature to which the respective sprays are exposed. In 


Figs ind 7 all of the fuel is in the combustion chamber before 
ition takes place. In our engines this would cause roughness and 
smoke, due to destructive combustion of overrich places in the 


If, from some cause, the ignition lag is so great that all of the fuel 
s injected into the chamber, completely vaporized and thoroughly 
mixed with the air before ignition, and the ratio of fuel to air in the 
mixture has sufficient strength to support flame propagation, the 
ombustion will be identical to detonating combustion in the spark- 
gnition engine. Evidently, these conditions were fulfilled in Fig. 8. 


When a mixture of fuel vapor and air is heated above a certain 
temperature, a slow combustion reaction starts between the com- 
sonents of the mixture. The velocity of this reaction increases as the 
temperature is raised, until finally the oxidation process is no longer 
dependent on heat from an external source and the reaction becomes 
instantaneous. This is the “ignition temperature” of the mixture and 
s the temperature at which the chemical interaction between the 
mmponents of the mixture produces heat faster than it can be lost 
by radiation and conduction. 
. lently, the ignition temperature of such a mixture will be 
argely dependent on the conditions affecting the rate of heat loss 
om the mixture. Therefore, an excess of either fuel or air in a 
mixture will have a cooling effect similar to that exerted by an inert 
gas and the ignition temperature of the mixture will apparently 
ncrease as the mixture ratio varies from the theoretically perfect. 
This is oe in the exposures of light-load combustion in Figs. 
12, and 13. 


Author's Closure 
To Discussions 


T#s Paper on injection and combustion of diesel fuel is a byproduct 
of research into the basic nature of spark-i -ignition engine knock, 
which was the object of the design and construction of the NACA 
ligh-speed camera. The diesel work was conducted as a general 
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survey, as stated in the introduction, but with the emphasis on the 
basic nature of the knock phenomenon. The justification for the 
undertaking of the diesel work lay in the need for knowledge as to 
whether diesel knock photographed at 40,000 frames a sec would 
show the same characteristics as spark-ignition engine knock photo 
graphed at the same speed. It was concluded that diesel knock, 
general, is a different phenomenon from spark-ignition engine knock 
but that diesel knock probably does now and then involve the same 
phenomenon as spark-ignition engine knock, as in the rare case of 
Fig. 8. I am very much pleased to have partial confirmation of these 
conclusions in Dr. Withrow's statement that the General Motors 
laboratories have occasionally found phenomena in the knocking 
diesel engine similar to those of the gasoline engine but that it is 
more usual to find little or no evidence of a standing wave when 
knock occurs in the 71 engine. 

It seems necessary to take an unfair advantage of Mr. Bryan in 
connection with his statement concerning the identical nature of 
diesel combustion under certain conditions and detonating combus 
tion in the spark-ignition engine. The high-speed camera has 
aie new information concerning spark-ignition engine knock 
that Mr. Bryan has not yet had an opportunity to see. The same 
phenomenon as spark-ignition engine knock may have occurred 
during the exposure of frames M-5 to M-7 of Fig. 8. There is no 
evidence that this phenomenon occurred, however, during the com 
bustion shown in the photographs of Fig. 10. In the case of Fig. 10 
the ignition lag was so great that all of the fuel was injected into 
the chamber, completely vaporized, and thoroughly mixed with the 
air before ignition, and the ratio of fuel to air in the mixture did 
iave sufficient strength to support flame propagation. 


Pressure-Time Records 


Dr. Withrow’'s suggestion that any further diesel work of this 
nature should be correlated with pressure-time records is undoubtedly 
good. My own guess would be that the photographs taken at 40,000 
frames a sec would not record any combustion until the brilliance of 
the combustion became quite intense and that the brilliance of com 
bustion would be closely related to the rate of chemical reaction and 
the rate of energy release. The faintness of the luminosity in the 
early stages of combustion might explain a large part of the differ 
ence in ignition-lag values between the NACA results and the 
General MBtors results pointed out by Dr. Withrow. The photo 
graphic results should, of course, be regarded as valid only for rela 
tive values until they have been checked with pressure-time records 

The observed correlation between fuel vaporization and smoke 
formation may be entirely artificial. My expectation of an inverse 
correlation probably caused me to place more emphasis on this point 
than I intended. The vaporization is, of course, correlated with 
injection advance and the smoke formation is also correlated with 
injection advance. The vaporization, however, is not necessarily 
directly correlated with the smoke formation. Mr. Bryan suggests 
that the smoke is formed in the destructive combustion in overrich 
regions. It would seem, though, when combustion begins early with 
much unvaporized fuel still present in the chamber, a great deal of 
burning in overrich regions must occur before the process 1s com- 
plete; yet there is little smoke formation in these cases. The smoke 
formation may be due to cracking of the fuel either in the liquid or 
vaporized state during the induction period. Increasing the induction 
period by early injection would, then, in¢grease the carbon formation. 

I can only speculate concerning the three alternative suggestions 
made-by Dr. Withrow to explain the smoke formation. The first 
and third suggestions are based to some extent on a negation of the 
observed correlation between the injection advance angle and the 
smoke formation. The correlation was very consistently observed in 
many motion-picture shots besides those presented in the paper. 
Concerning Dr. Withrow’s first suggestion, it should be noted that 
smoke developed in the cases of Figs. 8 and 10 as well as other 
unpublished shots in which the chamber photographed entirely clear 
before combustion began. 

As Mr. Bryan suggests, the large fuel droplets formed by the 
single-orifice nozzle probably had much to do with the excessive 
penetration seen in Fig. 4. The importance of the air-swirl pattern 
as a factor, however, becomes obvious from a study of the pictures 
projected on the motion-picture screen. Both factors are necessary; 
if the droplets were all sufficiently small the air swirl would only 
serve to carry them round and round in the chamber, if the air swirl 
did not exist, then even the larger droplets would not penetrate far. 

I have seen some excellent, unpublished high-speed photographs of 
injection and combustion of the fuel taken by Mr. Bryan’s company. 
I anticipate some valuable additions to our knowledge of this subject 
when the work done by Mr. Bryan and his associates is published. 
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AXIAL vs CENTRIFUGAL 
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RESENT indications are, according to Mr. 

King, that interest in the axial type of super- 
charger for aircraft engines will increase at an 
accelerated rate, due, in part, to the impetus 
recently given fo the development of new de- 
signs for various kinds of gas turbines. The con- 
tinuing trend toward higher critical altitude, he 
adds, will provide further incentive to exploit the 
relatively high volumetric capacity of the axial 
design. 

In the final analysis, however, the author feels 
that within the next few years the choice be- 
tween the axial type and the centrifugal type of 
supercharger may be made more upon the basis 
of adaptability to particular installations than 
upon any intrinsic superiority of one over the 
other. 
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THE AUTHOR: W. J. KING has been affiliated with 
General Electric Co. for the past 19 years, gaining ex 
perience in the refrigeration, engineering general, air con- 
ditioning and supercharger engineering departinenta He 
is now in charge of the field engineering group of the latter 
department at Lynn, Mass., concerned primarily with in 
stallations and flight testing of turbosuperchargers and jet 
propulsion engines. Mr. King is a graduate from Tulane 
University. 


z 
’ 
: 


eT 


OR the benefit of those not entirely familiar with this 

subject, it might be well to review briefly the functions 
and requirements of an aircraft-engine supercharger be- 
fore attempting to compare the merits of the axial and 
radial types. 

As pointed out in a previous paper,’ the basic function 
of supercharging is to increase the manifold air pressure 
in an engine. It was firther suggested that performance 
of different types should be compared upon the basis of 
ability to develop pressure ratio with a minimum tempera- 
ture rise over a wide range of stable operation. 


The significant pressure ratio is usually taken as the 
ratio of the final to the initial total pressures of the air. 
Ix should be observed, however, that the total pressure is 
made up of the static pressure plus the velocity head. If 
the latter is excessively high at the compressor outlet, it 
may not be possible to convert the kinetic energy into 
additional static pressure rise by external diffusion in the 
ducting or manifold without considerable loss. Since static 
pressure at the intake manifold is the most useful product 
of a supercharger, some account should be taken of the 
proportion of the total pressure which is already in the 


[This paper was presented at a meeting of the Detroit Section of 
the SAE, Detroit, Mich., May 7, 1945.] 

1See ASME Transactions, Vol. 66, January, 1944, pp. 61-72 + 
(dise.) 72-73: “Superchargers for Aircraft Engines,” by R. G. Stander- 
wick and W. J. King. 


by W. J. KING 


Supercharger Engineering Division 
General Electric Co. 


static component at the compressor outlet. For this rea 
son, the performance of any supercharger should be dis 
counted somewhat if the delivery velocity is much ov 
300 fps. 

Minimum temperature rise in the air stream is desire: 
tor three reasons: (a) to avoid detonation in the engine 
(b) to secure maximum density of the air delivered at a 
given pressure, and (c) to reduce the power required « 
Grive the compressor. In an ordinary supercharger, where 
the heat loss to the surroundings is relatively small, the 
temperature rise and power input are inversely propor 
tional to the efficiency, which explains the importance 
commonly attached to this criterion of performance. |r 
fact, the efficiency is usually expressed in terms of the 
temperature rise ratio; that is, the ratio of the ideal rise 
for adiabatic, isentropic. compression to the actual rise 
(which is always larger). 

Range of operation, specific capacity, mechanical rug 
gedness, and ease of manufacture are other significant fac 
tors which will be discussed at appropriate points in the 
following sections of the paper. 


@ Basic Design Features 


(a) Centrifugal Type — The design features ot the con 
monly used centrifugal (or radial) supercharger are fa 
miliar to most aircraft powerplant engineers and are de 
scribed in detail in the references listed in the bibliography 
of another paper. Fig. 1 shows the principal elements 
of a typical gear-driven supercharger. The impeller is in 
the center of the collector housing on the left, and the 
diffuser and inlet are shown at the right. A turbo-super 
charger with the inlet side of the compressor casing re 
moved is shown in Fig. 2. Fig. 3 shows the path of air 


« Fig. |- Typical gear-driven centrifugal supercharger for Prott & 
Whitney Wasp engine 
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[hese figures show the characteristic axial entry of the 
ur through the relatively small inlet eye of the impeller 
and the deflection of the flow through a go-deg angle into 
the radial direction. The impeller is usually machined 
rom a single aluminum-alloy forging, although a two- 
piece construction is sometimes used to obtain a better 
niet or inducer section. The diffuser is commonly a one 
piece aluminum casting, although it Is sometimes integral DIFFUSER 
with the inlet casing, as in Fig. 1. As may be seen from 
Fig. 3, this type of supercharger, with its symmetrical 
discharge branches, is admirably adapted to distribute the 4 
icl-air mixture to the cylinders of a radial engine. } 
Fig. 4 is a cross-sectional diagram of a two-stage centrif 
igal compressor used for the higher pressure ratios re 
juired for very high altitude performance. This is in 
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m Fig. 2-— Centrifugal compressor in turbosupercharger 





the interstage passage are quite considerable. 
For relatively high volumetric capacity, as in first-stage 


~~ ee ee 












_— compressors for high-altitude units, the double-inlet im- ‘| 
rerently an awkward arrangement, since it is necessary to peller offers the advantage of considerably smaller diameter 
ce the Pi through three right-angle bends to get s than the single-inlet designs illustrated in these figures. ' 
rom the first to the second stage. The energy losses in This and other special designs, together with mechanical ' 

See “Air Compressors,” by E. W. F. Feller. Published by McGraw details, have already been described by Feller.” 
Hill, New York, 1944. i 

See ASME Transactions, Vol. 64, August, 1942, pp. 567-586 + (6) Axial Type — As far as can be determined, no photo 

disc.) 586-597: “Energy Transfer between Fluid and Rotor for Pump graph of an axial-flow supercharger for an aircraft engine 
and Turbine Machinery,” by S. A. Moss, C. W. Smith, and W. R . . 
Foote has ever been published, presumably because there has 

*See ASME Transactions, Vol. 66, July, 1944, pp. 351-363 + - : : - 

lise.) 363-371: “Gas Turbines and Turbosuperchargers,” by S. A been no such application - = appreciable commercial 
Moss. RT Nae fe scale. However, pictures of axial-flow compressors used in 

° ee echanic ngineering, 1. " 3-383: : . : } 

Besle Gan Tertine Binct ant’ Gone = agg, Mae te 8 ams “ connection with gas turbines have appeared in several 
Salisbury, ae ston articles publi ; scent years: & &, 6 

"See ASME Transactions, Vol. 63, February, 1941. pp. 115-121 4+ rticles published during recent years and may be ; 
disc.) 122-123: “Combustien-Gas Turbine,” by J. T. Rettaliata used to represent the basic design of an axial supercharger. 
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Fig. 5, reproduced from an article by Salisbury,° shows a 
developmental, 4-stage axial compressor with the upper 
half of the stator removed. A cross-section of a hypo- 
thetical, 8-stage axial supercharger is shown in Fig. 6. It 
may be seen that this type of compressor closely resembles 
the conventional, multistage steam turbine in essential fea- 
tures (except that the direction of flow is reversed). The 
rotor and stator blades have airfoil sections and are usually 
twisted along their length to compensate for the increase 
of peripheral velocity from root to tip. The blades are 
generally milled from individual steel or aluminum-alloy 
forgings. They are fitted into dovetail slots in the rotor 
and stator drums, very much as in ordinary turbine prac- 
tice, except for the absence of shroud bands over the ends. 
End-clearances must be quite small to avoid serious reverse- 
flow leakage. Further details will be found in the refer- 
ences cited above, although relatively little has been pub- 
lished on this type of compressor. 


@ Operating Principles 

The basic principles of operation of both types of com 
pressors are discussed in detail in a paper by Moss, Smith, 
and Foote.* It appears desirable to review some of these 
fundamentals here in order to provide the essential back- 
ground for an understanding of the performance of these 
machines. 

Fig. 7 represents the rotor and diffuser of a centrifugal 
compressor. In the vector diagrams V is the absolute 
velocity of the fluid, v is its relative velocity with respect 
to the rotor, and wu is the tangential velocity of the rotor. 
The subscripts 1 and 2 refer to the rotor inlet and outlet, 
respectively. It is demonstrated in Appendix I of the 
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a Fig. 4-Two-stage centrifugal compressor (cross-sectional dia- 
gram) 





















a Fig. 5— Developmental, 4-stage compressor with upper half of 
stator removed 


paper by Moss, Smith, and Foote that, by applying ele 
mentary principles of kinetics in the general case of trans 
fer of energy from a rotor to a fluid the energy per pound 


of fluid pumped is: 
1 
E = (uaVo. — Via 
g 


where g is the acceleration of gravity and Vo, and Vy, 
are the tangenual components of V2 and V4, respectively. 
It is further shown that, by a simple mathematical trans- 
formation based upon the geometry of the inlet and outlet 
vector diagrams, equation (1) can be developed into the 
following alternative expression for the energy transfer 

te ; : ; 7 
Saad [ 2* = V7) + (u* — us”) + (0? — 0,’ 2 

2q ; 

This expression is used to explain the manner in which 
energy is transferred from the rotor to the fluid by account-» 
ing for the changes in the various components of the fluid 
energy in passing through the rotor. Thus, considering 
the several terms on the right, ! (y. Vi 

29 

is obviously the gain in kinetic energy per pound of air 
when its absolute velocity is accelerated from V; to V2; 
2g (us? — ws) 
is the centrifugal effect or the gain in static pressure energy 
when a pound of air moves from radius ry wher the 
centrifugal force is u17/gr; to radius re where the force is 
tio” / gro; and A (v,2 — v2?) 

oJ 
represents the rise in static pressure energy due to diffusion 
in the rotor if the cross-sectional area of the flow path in 
creases so as to cause a decrease in relative velocity from 
V1 to Vo. 


In the case of the simple, radial-flow rotor of Fig. 7, the 
tangential component of V;, (Viy) is zero and the tan 
gential component of V2 is Voy — ue so that equation (1) 
reduces to: 

U2? 
eer 


for the total energy imparted per pound of fluid. It is 
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inter sung to note that this is just twice the kinetic energy 
‘ys’ 2g) corresponding to the rotor tip velocity. If the 
radio. component v2 of the leaving velocity is relatively 
sma! so that Vg is substantially equal to we, half of the 
ysetu! work done by the impeller would appear as static 


pressure rise and half as kinetic energy. The function of 
the diffuser is to convert as much of this latter energy as 
possible by a process ot deceleration in the expanding 
passa y-¢ S. 


In a compressor of this type, if diffusion is substantially 
complete, and neglecting losses, all of the work done upon 
the air may appear at the outlet as static pressure rise. 
Assuming a tip speed uz = 1500 fps, which is entirely 
pract able in such a machine, the energy transfer would 


15002 
be, from (3), E = —— = 70,000 ft-lb per lb air. 


32. 

From standard thermodynamic formulas or tables’ it will 
be found that this much energy will produce a static pres- 
sure ratio of 6.6 across the compressor, with normal sea- 
level air at the inlet, under these conditions. In actual 
machines friction, shock, and eddies reduce the efficiency 
so that some of this ideal pressure is lost in the form of 
heat, but it is still possible to realize pressure ratios of 
the order of 4 in a single stage of this type. 

In the axial-flow compressor the blade length is usually 
small relative to the mean radius of the rotor so that all 
radial effects may be neglected in a preliminary analysis 
and the flow path may be represented by a cross-section 
through the blades at a single radius r, as in Fig. 8. The 
nomenclature in this figure is the same as in Fig. 7, except 
that the subscript g is used to designate the axial component 
of the velocities, which is constant throughout. 

The air enters the rotor with the absolute velocity V;, 
which has the tangential component V;, in the direction 
of rotation. Due to the forward motion of the rotor, the 
entering air has the relative direction and velocity indi- 
cated by the vector v;. In passing through the expanding 
passage of the rotor the relative velocity is decelerated from 
0; to vg. This is a diffusion process resulting in an increase 
in static pressure across the rotor. The air then leaves the 
rotor with an absolute velocity V2, which is larger than 
the initial V; and thergfore represents a gain in kinetic 
energy also. The stator functions as a diffuser to convert 
this increment of kinetic energy into additional static pres- 





™See ASME Transactions (Applied Mechanics), Vol. 52, May/August, 
1930, pp. 93-99 + (disc.) 99-102: “Engineering Computations for 
Air and Gases,” by S. A. Moss and C. W. Smith. 
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m Fig. 6—Cross-section of axial-flow compressor 
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a Fig. 7-—Diagram of centrifugal compressor rotor and diffuser 
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sure rise by decelerating V¢ to its original value V. 

This process is repeated in each stage of the machine: 
the rotor contributes part of its energy as static pressure 
rise and part as added kinetic energy, and the stator con- 
verts this extra kinetic component into further rise in pres- 
sure. The total energy transferred by the rotor is repre- 
sented by equation (1), which applies to this case as well. 
But since uw. = u; = uw it can be written: 


u“ 


f= — (Vn ~ 7.) (4) 


This brings out the fact that in an axial-flow compressor 
the total energy transfer per stage is proportional to the 
change in the tangential component of the air velocity 
produced by the rotor (sometimes referred to as the change 
in whirl). 

As may be seen from Fig. 8, the change in whirl 
(Vou — Viu) is quite small compared with the rotor 
velocity u. The value of E from equation (4) is, therefore, 
small relative to the corresponding total energy from (3) 
for the same tip speed. Since the diagram of Fig. 8 is 
typical of current, axial-flow design practice, this explains 
why the energy or pressure ratio per stage is so much less 
in this type of machine than in the centrifugal type. How- 
ever, it is significant to note that it is entirely possible to 
change the shape of the flow paths of Fig. 8 by changing 
the curvature and angles of the blades so as to overcome 
this deficiency. 

For example, assume that the curvature of the stator 
blades is increased until the air leaves in the axial direction, 
that is, let V; become equal to V;_ so that V;, = 0. Like- 
wise, let the curvature of the rotor blades be increased in 
a similar manner so that the relative discharge velocity v» 





~~ 





—y Oe ree 




























ad) pate atime s- 


ee ee ene 























STATOR 























STATOR 








s Fig. 8 — Diagram of flow path through axial compressor 


is also purely axial and equal to vz. Since the absolute 
leaving velocity V2 is the vector sum of v2 and 4, it is 
obvious that the tangential component V2, must become 
equal to wu. Substituting these new values in equation (4), 
the total energy transfer becomes: 

E ae - 0) -— (9 

g g 

which is equal to the work done in a centrifugal rotor if 
& = up. It is, therefore, theoretically possible to produce 
the same static pressure ratio, 6.6:1, in a single axial stage 
with a blade speed of 1500 fps. Actually, a representative 
pressure ratio for a stage of the Fig. 8 type would be about 
1.15:1, and the average blade speed would be more like 
800 to 900 fps, requiring 14 stages for an overall ratio of 
6.6:1. 

At first glance it appears very surprising that so many 
stages should be employed to produce a result that could 
theoretically be accomplished in a single stage. There are 
two practical reasons for limiting the stage energy to such 
relatively low levels. 

First, it has not yet been found practicable to turn the 
air in the rotor or stator passages through a large enough 
angle to attain the axial (relative) leaving velocities, men- 
tioned above for high rates of energy transfer, without in 
curring large losses due to flow separation and eddies. 
Looking at it another way, it is not feasible to give the air 
the sudden, violent acceleration that would be required to 
bring its tangential velocity from zero up to full wheel 
speed in the short distance through the rotor, without large 
aerodynamic losses. 

Secondly, the rotor speed cannot be brought up to, or 
nearly to, the speed of sound at the inlet air temperature 
without encountering severe shock losses at the inlet edges 
of the rotor blades. Since the inlet tip speed is the same 
as the outlet tip speed, the latter must be kept down to 
accommodate the former in this respect. Hence, axial- 












flow blade speeds are commonly restricted to relatively jow 
values. 

In the centrifugal type, on the other hand, it is possible 
to bring the air into the rotor near the axis so that the 
relative velocity can be quite small even with high 4; 

: . Fr 
speeds. Moreover, by the time the air reaches the inapelle; 
outlet it has been compressed and heated so that the speed 
of sound is materially increased at this point. This re 
duces the tendency for shock to occur at the diffuser inlet. 
since the Mach number (ratio of air speed to speed o} 
sound) is less than it would otherwise be. 

In passing, it is worthy of note that the rotor loading, 
or the energy transfer per stage, can be increased even 
above the previously mentioned value of u?/g, in either 
type of machine, by further increasing the change in whir 
represented by equation (1). This can be accomplished 
by curving the rotor vanes forward at the outlet so thar 
Veq has a forward tangential component and Voy is greater 
than #», or by directing the entering air into the rotor at a 
backward angle so that Vi, has a negative value, or both 
The result would be a relatively high pressure ratio for a 
given tip speed, but this is seldom applied in practice, as 
the tendency is to aggravate the aerodynamic losses and 
impair operating stability. As indicated above, it has bee: 
found desirable to go in the contrary direction, employing 
very moderate changes in whirl and hence relatively light 
blade loading in order to secure high efficiency. In fact the 
superior efficiency of the axial compressor is due principally 
to its more conservative design in this respect, together 
with the elimination of abrupt turns and expansions in 


the flow paths. 


@ Operating Characteristics and Comparisons 


Fig. 9 is a performance diagram of a typical, single-stage 
centrifugal supercharger. Actual efficiencies cannot be 
quoted here, but it may be said that peak efficiencies 
(temperature rise ratio) of 70 to 75% are common in the 
type of machine represented in Fig. 1. In Fig. 9 the point 
of maximum efficiency would be within the small inner 
contour, near the design point. The stability limit repre 
sents the minimum flow rate, for a given speed, below 
which pulsation or surging sets if. 

Numerous tests, as well as theory, indicate that the 
operating speed should be corrected for the effect of inlet 
air temperature in plotting compressor performance in this 
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a Fig. 9 - Performance diagram for typical centrifugal compressor 
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It is; therefore, customary to express the speed 


agrameter in terms of an equivalent tip speed: 


V 6 E 
Vitis 
uw is the actual up speed, tps, 7, is the inlet au 
mperature, F absolute, and 518.4 is the absolute tempera 
are ot NACA standard air (59 F). In other words, for 
any value of Ty, w’ is the speed which would give exactly 
the same performance with standard inlet air. 

Likewise, the volume flow is expressed in terms oi 
0/% 6, where Q is the rate of flow in cfm referred to inlet 
conditions. 

[In supercharger work it is convenient to define range 
as the ratio of the maximum to the minimum flow obtain 
able at a given pressure ratio. On this basis it is fairly 


centrifugal compressor at moderate pressure ratios. In 
the case of gear-driven superchargers, range is frequently 
expressed in terms of the interval between the flow at the 
stability limit and the maximum useful flow at a constant 
speed. In this event the range is represented by the 
horizontal component of a particular line of constant speed 
n Fig. 9, except that the upper limit may be taken as the 
point beyond which either the efficiency or the pressure 
ratio falls off below a reasonable value. 

For comparison, the performance of a typical, axial-flow 
compressor is represented in Fig. ro. Peak efficiencies 
are commonly of the order of 80 to 85%,® which repre 
sents a substantial and very attractive gain over the per 
formance of current designs of centrifugal units. Unfor 
tunately, the efficiency peak is always very sharp and the 
perating range is relatively narrow, particularly at con 
stant speed. At rated speed, it is not uncommon for an 
axial compressor to go into violent pulsation when the flow 
has been reduced to 80 or 85% of the design value. This 
feature has long constituted a major deterrent to the ap 
ication of axial-flow superchargers. 


However, there are several facts worthy of note in this 
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» Fig. 10-—Typical axial-flow compressor performance 
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a Fig. |!—Size comparison of various supercharger designs for 
pressure ratio of 8 


a — Axial supercharger in aii stages 

b - Radial supercharger in all stages 

c= Combination of axial and radial supercharger 
M yir 


connection. First, experience with many designs of super 
chargers, axial and radial, has indicated a definite ten 
dency for the performance to become increasingly critical 
and sensitive to minor disturbances as the efficiency is 
improved by aerodynamic refinements. A rugged, con 
ventional design of centrifugal supercharger with a peak 
cefhciency of 70% is usually aflected very little by substan 
tial wariations in the magnitude or symmetry of the inlet 
How, due partly to the fact that the internal-flow condi 
tions are far from ideal under any conditions. On the 
other hand, in order to attain an efficiency of 80%, the 
flow must be not far from aerodynamically perfect and 
the vector diagrams must fit the blade and vane angles at 
all points. Since this condition cannot be maintained if 
the flow vectors are changed too much while the machine 
elements remain fixed, it is inevitable that the efficiency 
of any high-performance compressor of the types under 
consideration will fall off sharply as conditions depart from 
the ideal. This applies to the effects of deposits of dirt, 
irregular inlet flow distribution, and manufacturing varia 
tions, as well as to changes in volume of flow. 


Secondly, it is becoming very common practice to drive 
a supercharger by means of an exhaust gas turbine or some 
other device which allows the compressor speed to be varied 
independently of the engine speed. In such cases the axial 
type suffers little, if any, disadvantages in respect to range 
as it usually is the flow range at constant pressure ratio 
that is significant. As a rule the power schedule of an 
engine is such that the curves of constant power at various 
altitudes or various powers at a given altitude are roughly 
parallel to the lines of constant efficiency in Figs. 9 and 10, 
so that the stability limit line may not be intersected at 
any significant point. 

Finally, observe that the high efficiencies of the axial 
type make it possible to vary the operating point over a 
relatively wider range across the lines of constant efficiency 

concluded on page 748 
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Fig. | — Development history 
of Wright Cyclone 9 engine 











HE increase in take-off horsepower of the Wright 

Cyclone g engine of 1820 cu in. displacement from 1935 
to 1942 and the corresponding horsepower/displacement 
ratio is shown in Fig. 1. Since the per cent of total heat 
generated in the cylinder which is rejected to the cooling 
fins tends to be constant, the need for more efficient cool- 
ing, to permit operation in a temperature range where the 
materials of construction are durable, is apparent. Early 
aircooled engines made by the Wright Aeronautical Corp. 
had integral steel fins on the cylinder barrels. Fins spated 
64 per in., 0.030 in. thick, and 7/16 in. deep were used 
for cooling cylinder barrels from 1930 through 1935. Pro- 
duction practices at this time were improved to the point 
where cylinder barrels could be made having fins spaced 
84 per in. and % in. deep. By 1939 several methods of 
attaching high-conductivity fins to steel barrels had been 
proposed and our studies indicated that some had sufficient 
promise to warrant development. With this thought in 
mind a program was initiated to determine ways and 
means of applying copper or aluminum fins to our cylinder 
barrels. The advantages that could be gained by a solution 


[This paper was presented at a meeting of the Buffalo Section, 
Buffalo, N. Y., May 1, 1945.] 












































High - Conductivity 


by J. W. CUNNINGHAM 


Engineering Department 
Wright Aeronautical Corp. 


to this problem would be multifold and would include the 
following: 

a. Increased engine output. 

b. Reduced cooling airflow requirements, giving in 
creased plane speed. 

c. Increased piston and piston-ring lite. 

d. Reduced manufacturing cost and saving of critical 
barrel steel. 

e. Reduced weight per cylinder. 

It is the purpose of this paper to describe the various 
methods of attaching high-conductivity cooling fins to 
cylinder barrels of aircraft engines which appeared worthy 
of test, and the advantages derived. 

Listed below are the methods of attaching fins which 
were investigated by WAC: 

a. Brazed-on copper fins. 

b. Brazed-on aluminum fins. 

c. Stamped aluminum fins attached by a cast-on alun 
num muff. 

d. Shrunk-on, forged aluminum muffs with machined, 
integral fins. 

e. Cast-on aluminum muff with machined, integral fins 

f. Mechanically attached, sheet metal fins. 




















a Fig. 2—Method 
used in brazing fins 


to cylinder barre! 
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typCooling Fins for 
(tf Engines 


0. 
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use of the characteristics peculiar to each method ot 
gy high-conductivity cooling fins to cylinder barrels 
lt that a description of each of the above methods 
It should be noted at this time that 
iclusions recorded in this paper pertain only to our 
cific application of high-conductivity finning to an air 
cooled aircraft cylinder barrel of 6.125-in. bore. Should the 
lescriptions indicate that any type ot attachment is inferior 
to another the previous statement should be kept clearly in 
, as no doubt some of the methods would prove very 
n other fields or perhaps on engines of different size 

nd sign. 
a. Brazed-on Copper Fins -\t seemed natural that the 
best way to cool a cylinder barrel would be to use a fin 
naterial having extremely high heat conductivity. Copper, 
meeting the high heat conductivity requirement, was 
1 as the first material with which to work. Pre- 
inary laboratory investigations indicated that a brazing 
technique would have to be developed before we could 
tach high-conductivity fins by this method. After the 
brazing process was developed to such a point that it was 
elt finning of cylinder barrels could be attempted, rings 
stamped out of copper sheet were brazed to a barrel, one 


at a time. 


be otf interest. 


A 


se lé 


This method was slow and unsatisfactory, as 
rm fin spacing was almost impossible to obtain. Con 
rable barrel warpage was encountered. Our next at 


THE AUTHOR: J. W. CUNNINGHAM joined Wright 
nautical Corp. in 1939, soon after graduating from 
University of Maine, and rose to his present post of 
tant project engineer in charge of cylinder structure 
elopment. 


NCREASES in the take-off horsepower of air- 

cooled aircraft engines had made it impera- 
tive that methods of getting more efficient cool- 
ing be devised. 


In 1939 a program was initiated, therefore, to 
develop ways of applying high-conductivity (that 
is, copper and aluminum) fins to cylinder barrels 
to take the place of the integral steel fins on the 
cylinder barrels of earlier aircooled engines. 


Presented here are descriptions of the various 
methods of attaching these fins that were in- 


vestigated, together with the advantages of each 
method, 
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= Fig. 3 — Cross-section showing spiral copper fins butt-brazed to 
cylinder barrel 
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THERMOCOUPLE LOCATIONS 


a Fig. 4—Cooling comparison of steel-, W-aluminum-, and cop- 
per-finned barrels at same power output and baffle pressure drop 


tempt was to groove the OD of a cylinder barre] and insert 
the fins in the grooves to maintain the spacing during the 
brazing operation. This method was given up, as consider- 
able machining time was required to cut the groove, and 
flow of the*brazing compound was extremely difficult to 
control, with the result that portions of the fins were not 
brazed and other portions were heavily covered with the 
compound. In Fig. 2 are shown sketches of the finning 
methods just described. 

At about this same time a proposal for brazing a con- 
tinuous spiral coil of copper was presented. It was felt 
several production advantages could be realized. The coil 








a Fig. 5 — Cross-section of completed cylinder barrel with stamped 
aluminum fins attached by cast-on aluminum muff 
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A. FIRST ASSEMBLY WITH AIR IN 


B. LATER ASSEMBLY wirn SPACES 
SPACES UNDER MUFFS 


FULLEO WITH ALUMINUM Wine 


m Fig. 6—Shrunk-on, forged aluminum muff with mach 
tegral fins 





1D could be controlled by winding or unwinding 


to produce the gap between the fin and barre 
necessary to do a satistactory brazing job. Brazing « 
pound in wire form between each fin could be assem 
on the barrel and then passed through a brazing 
ind all fins brazed simultaneously. After brazing 
tound that the flux residue could be removed quite read 
by the use of high-pressure steam. Some trouble y 
experienced in obtaining the correct coil length and als 
in the method of fluxing prior to brazing, but eventual, 
the difficulties were overcome and barrels were produc: 
having copper fins 0.030 in. thick, 1 in. high, and space 
10 per in. 

It can be seen trom Fig. 3 that the resultant article wa 
quite presentable. Several cylinders were tested on singk 
cylinder engines. The durability was satisfactory. 

Several factors made it inadvisable to release this desig 
tor use on production engines. As constructed there was 
an increase in weight of approximately 4 lb per cylinde 
over the integral steel-fin barrel. Concurrent tests indicated 
that the copper finning did not cool materially better at 
the hottest part of the barrel than aluminum finning, as 
shown by Fig. 4. Calculations of cooling characteristics 
showed that for copper fins to be as light as aluminum fis 
tor comparable heat flow they would be so fragile and thin 
that their use would be impractical. A satisfactory method 
of protecting the brazed joint between the cylinder and 
copper fins from corrosion was not worked out. 

b. Brazed-on Aluminum Fins — At the same time work 
on copper fins was started, the added weight that would 
be encountered by using copper was estimated and because 
it seemed excessive a parallel project was initiated using 
aluminum fins. Many attempts were made to braze alun 
num fins and after considerable laboratory effort this wa: 
accomplished. Although laboratory samples were no 
entirely satisfactory the operation of applying fins to a 
cylinder barrel was attempted. Over a period of approx 
mately 114 years no satisfactory barrels were fabricated 
and the methods outlined in Fig. 2 were all tried. Work 
on this method of attaching high-conductivity cooling fins 
was discontinued. 

c. Stamped Aluminum Fins Attached by a Cast-on Alu 
minum Muff — The method of attaching high-conductivity 
sheet metal cooling fins in a cast-on aluminum muff seemec 
to exhibit desirable manufacturing characteristics. Before 
casting on the muff the barrel OD was turned smooth. 
Stamped aluminum fins 0.025 in. thick were then stacked 
in a special circular fixture which spaced them 9 per i 
and the fixture centered about the barrel. The fixture with 
the fins protruding approximately 1/16 in. on the [D was 
then made tight against the lower part of the barre! anc 
provision made at the top to allow molten‘ aluminum t 
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a Fig 


the cylinder barrel. 








7 — Cross-section of completed barrel having cast-on alu- 
minum muff with machined, integral fins 


poured into the space between the ID of the fixture and 
The ID of the fins was 4 in. more 
han the OD of the barrel. Pouring resulted in a cast 
luminum muff approximately % in. thick, which was 
resumably bonded to the ID of the stamped fins and the 
YD of the cylinder barrel. 
Several cylinder assemblies of this type were made up 
1 examined. Fig. 5 shows a cross-section through one 
cylinder assemblies made by this method. It was 
ind that the muff was not bonded to the ID of the 


} 
| 


ed aluminum fins and only approximately 25 to 50% 
nded to the cylinder barrel. However, one of these 
linder assemblies was tested for a short time on a single 
ylinder engine, and inspection,after test revealed that th 
bond between the muff and barrel was completely de 
oyed. In addition, the muff was cracked circumferen 
tially completely around the middle. Piston-ring wear was 
gh during the test and comparable to ring wear found 


during tests run at elevated temperatures. Several attempts 
were 


made, following this test, to produce a satisfactory 
between the muff, fins, and barrel, but all samples 
produced indicated that the process was not adaptable to 
uur specific application. 

4. Shrunk-on, Forged Aluminum Muffs with Machined 
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Fig. 8— Cross-section of completed barrel having single spiral 
aluminum fin mechanically attached 


Integral Fins — Another method of applying high-conduc 
8 pplying nig 

tivity cooling fins to cylinder barrels which offered good 
manufacturing possibilities was that of shrinking on forged 


aluminum muffs in which integral fins were machined. In 
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a Fig. 9— Installation of U fins 

A — Grooving C — Installing 

B - Dovetailing D - Caulking 


producing cylinder assemblies of this type considerable 
flexibility could be obtained in regard to fin spacing and 
thickness. Cooling studies indicated that fin spacing of 
10 per in. with fins 0.030 in. thick and 1 in. deep was the 
optimum for our application and muffs were machined to 
these specifications. Because we hesitated to change our 
thread design for cylinder-head attachment the barrel OD 
of necessity exceeded the OD of the threads. To keep 
cylinder weight down, grooving of barrel OD was used. 

Cylinder assemblies made by shrinking muffs over the 
vestigial fins, as sketched in Fig. 64, were not satisfactory 
in that high ring wear, attributable to poor heat conduc- 
tivity, was encountered. To correct this undesirable con- 
dition barrels were made with the space between the 
vestigial fins filled with aluminum, as illustrated by Fig. 
6B. This was accomplished by rolling aluminum wire 
under pressure into the grooves, then grinding the entire 
OD flush to ensure maximum contact with the ID of the 
muffs. Cylinder assemblies of this type were tested and 
results were more encouraging but of insufficient improve- 
ment to be worth while. Weight was increased approxi- 
mately 1 lb per assembly. 

It might be well to note here that statically cast, centrifu- 
gally cast, and forged aluminum muffs were used. Stati- 
cally cast muffs were not satisfactory as they were prone to 
cracking due to the shrink necessary to hold the muff on 
the barrel. Chafing of the muffs was evident on a sectioned 
cylinder barrel after test. Further development of this 
method seemed to require a redesign of the cylinder-head 





attaching threads and because other methods of fin aitac} 
ment showed more promise, this method was not adop: 

e. Cast-on Aluminum Muff with Machined, Integr 
Fins—A later development in the application o| 
conductivity cooling fins to cylinder barrels was | 
casting on a cylinder muff in which integral fins were 
machined. This method of applying high-conductiyjty 
cooling fins to cylinder barrels was a simple way of 
attaching the fins, as a permanent mold could be used { 
many cylinder barrels and the process was quic} 
effective. Means for obtaining a bond between the n 
and barrel by this method had been carefully worked out 
Considerable machining difficulty was encountered during 
the finning operations as we attempted to cut fins 1 jn, 
deep, spaced 10 per in., and only 0.030 in. thick. 

After several unsatisfactory attempts caused by hard 
spots in the casting, resulting in the entire fin muff being 
peeled off, the cylinder barrels were completed by changing 
the pitch from ro to g per in. but maintaining the sam 
depth and free space. Fig. 7 shows a cross-section through 
one of the completed barrels. Only one cylinder of this 
type was run. The bond between the aluminum and the 
barrel was quite satisfactory. Since at this time the decision 
had been made to convert production to cylinder barrels 
having the type of applied fin now in use by WAC, devel- 
opment testing was not continued. 

f. Mechanically Attached Sheet Metal Fins —1n consider 
ing methods of cooling we naturally did not overlook the 
work on other types of heat exchangers. One application 
that appeared to have merit was the wrapping of a coil of 
aluminum into a spiral groove around a pipe as used in 
some commercial refrigeration units. This method of 
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a Fig. 10— Installation of W fins 
A- Grooving C — Installing 
B - Dovetailing D - Caulking 
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« Fig. || — Cut-off machine used in making individual W-fin half- 
ctions from spiral coil of preformed sheet aluminum 


nechanically attaching fins appeared easily adaptable to 
cylinder barrels. Barrels were made having 10-pitch spiral 
grooves on the OD, 0.030 in. wide and 0.090 in. deep. The 
cylinder was then placed in a lathe and aluminum-fin stock 
fed into the spiral grooves in conjunction with a tool to 
upset one side of the steel land between grooves, making 
a dovetail fastening. 

Fig. 8 is a photograph of a section of a barrel made by 
this method. With this method the installation of the fin 
was easily accomplished. However, the grooving of the 
barrel was rather difficult and tool life was very short due 
to the extreme narrowness of the grooves. Cylinder assem- 
blies of this type were fabricated and tested on single- 
ylinder and full-scale engines. The cooling ability of this 
type ol finning was a great improvement over integral 
steel area barrels, and in addition the weight of ‘the 
cylinder barrel was the same even with 80% increase in 
wiser fin cooling area. Development on this design was 
liscontinued because of the extremely short life “of the 
tooling required for the grooves. 

Because of the difficulty of cutting the groove for the 

ining method just described a method using wider 
grooves and designated the U-fin method was developed. 

\ sketch illustrating the details of this process is shown in 
Fig. 9. In processing cylinder barrels with U fins a 
straight-sided spiral groove 0.115 in. wide is cut in the 
cylinder barrel, as shown in Fig. 94. As illustrated in Fig. 
B a notch is cut in the lands, which are then rolled to 
‘orm a dovetail groove. The third step, outlined in Fig. 
(C, is the installation of a U-shaped aluminum fin made 
by forming 0.025-in. thick sheet aluminum. The fins are 
retained in the groove by inserting an aluminum wire 
which is caulked, forcing the fin closely against the sides 
of the dovetailed groove, making a positively locked cooling 
in, as illustrated in Fig. 9D. Several cylinder assemblies 
having this type of fin construction were made and tested. 
No major production manufacturing difficulties were en- 

ountered. Durability during engine running was quite 
atisfa actory. The cooling capacity of mechanically applied 
ins of this tyne showed a substantial increase over that of 

ntegral steel-fin barrels. In addition, this design was quite 

‘exible, as a wide range of fin heights could be employed. 


Developments up to now lead to the following conclu- 
sions: 
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a. Lhe U-type fnning method exhibited the greatest all 
round advantages thus tar obtained, although the use of 
wire tor caulking was occasionally troublesome. 

b. High-conductuvity fins of copper or aluminum sheet 
require interfin supports to prevent damage in handling. 

Barrel machining is most economical with concentric 
instead of spiral grooving. 

d. Simple replacement of damaged fins would be highly 
advantageous. 

lo meet all these objectives the finning method now in 
production by WAC and generally known as the W-hin 
type was produced. 

The W-type finning method shown in Fig. 10 employs 
essentially the same retention features as the U fin shown 
in Fig. 9. ‘The W fin itself is made by passing a flat sheet 
of 0.025 in. thick aluminum through a series of forming 
rollers. ‘The resultant fin shape is in the form of a some- 
what distorted W, and is made into closely wound spiral 
coils. These coils are put through a cut-off machine, shown 
in Fig. 11, and individual W-fin half-sections are produced 
The center part of this W shape 
The grooves 


within limits of 0.005. 
1eplaces the wire used for caulking the U fin. 
in the barrel are concentric and the dovetail shape is pro 
duced and sized by use of loaded rollers. The fins are 
installed two per groove. The joints are located go deg 
apart in adjacent grooves to obtain uniform. stiffness 
around the circumference of the barrel. After installing 
the fins in the grooves they are caulked, turned to size, and 
then crimped. The crimping operation provides interfin 
support at the joints which are at go-deg intervals and is 
performed by forcing a tapered tool inward from the OD 
until each fin contacts the next. 

The first cylinder assemblies made with this type of fin 
construction seemed satisfactory in every respect and addi 
tional cylinder assemblies were ordered for extensive test 
ing to evaluate durability thoroughly. The cooling char 
acteristics of W-finned barrels are shown in Fig. 4, com 
pared with steel- and copper-finned barrels. From these 
three curves it is seen that the W-finned barrel and the 
copper-fin barrel produce an appreciable drop in tempera 
ture at all points, compared with steel-fin barrels. Maxi 
mum temperature with W finning is slightly less than 
with copper finning. Minimum temperature with W fin 
ning is appreciably higher than with copper finning. W 
finning gave the most uniform temperature distribution 





a Fig. 12—Comparison of latest Wright Cyclone cylinder as- 
sembly with completely machined, forged head and W-fin barrel 
and earlier cylinder assembly with cast head and steel-fin barrel 
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of any fimning on which a cooling test was conducted. 
The cooling comparisons were made at the same power 
output and baffle pressure drop to eliminate as many test 
variables as possible. Corrosion protection with this fin- 
ning method was easily accomplished by plating the barrel 
OD between the fins. This plating is done before the 
fins are applied and requires no masking, as the plating 
does not throw into the grooves appreciably. This proved 
satisfactory for production use and was released. 

By adopting W-type finning, substantial amounts of 
critical material were saved. Individual barrel forgings 
weigh approximately 20 lb less than the original forging 
by eliminating stock previously required for the integral 
steel fins. Last year alone about 12,000 tons of critical 
nitralloy barrel material was saved. 

Wright Cyclone engines using W-barrel fins are now 


in wide use on military and commercial airplanes 

Military installations include the FR1i, F4F-8, PM. 
SBD-6, PBM-3, A20-H, TBM-3, PB2Y-4, SB2C-1, SBaC2 
SB2C-3, PB2M-1, JRM-1, SB2D-1, C-69, C-97, B-2s, Bag 
and B-32; commercial installations, the Constellation, 

It is appropriate at this time to acknowledge the engi- 
neering efforts and cooperation of the following companies 
which assisted in working out the finning methods jus 
described: Bronander Engineering and Research Corp, 
Griscom-Russell Co., Handy & Harmon, Aluminum Co, of 
America, Buensod-Stacey Air Conditioning Corp., Al-Fin 
Corp., and Technical Casting and Mfg. Co. 

A Wright Cyclone cylinder assembly incorporating a 
completely machined, forged head and W-fin barrel js 
shown in Fig. 12, compared with an @prlier cylinder as. 
sembly having a cast head and steel-fin barrel. 


Axial vs Centrifugal Superchargers for Aircraft Engines 


continued from page 741 


before reaching the limit of minimum useful efficiency. 

In respect to capacity the axial type has a decided advan- 
tage in relative capacity for a given overall diameter of 
the unit. This is due to the fact that the outlet diameter 
need be no larger than the inlet and it is the inlet area 
that ultimately limits the flow rate. On the other hand, 
the inherently greater overall length tends to offset this 
advantage in some installations. Combination designs, 
employing a number of axial-flow stages feeding into a 
final centrifugal stage have occasionally been proposed but 
rarely applied in practice. Fig. 11, reproduced from a 
report by Betz,® shows the relative proportions of these 
several types, as compared with the outline of an engine 
which they would supercharge to a critical altitude of 
49,000 ft (pressure ratio 8:1). For a gear-driven applica- 
tion it is evident that it will be difficult to mount the axial 
type in any position without either increasing the frontal 
area or the overall length of the powerplant unduly. As 
mentioned before, the radial design is better adapted to 
compact and symmetrical mounting in an engine. 

Very little can be said about relative weights beyond the 
fact that there is a tendency for the axial design to be 
appreciably heavier than the radial. It is entirely conceiy 
able, however, that it may be practicable to design an axial 
supercharger that is no heavier or that is even lighter than 
the centrifugal, especially if the comparison is made on 
the basis of equal efficiencies. In comparing supercharger 
sizes and weights, it is very easy to overlook the fact that 
a few extra points in efficiency may allow a substantial 
reduction in the size of the intercooler or aftercooler, for 
comparable engine manifold air temperatures. 

As regards mechanical ruggedness and reliability, the 
well-established centrifugal unit has, of course, the benefit 
of a long head start over the axial in this particular field. 
On the other hand, the long record of the common multi- 
stage steam turbine for dependable, continuous service 
may be taken as an indication of the inherent soundness 


_ *See NACA Technical Memorandum No. 1073, August, 1944, “Axial 
Superchargers,” by A. Betz. 


of the basic design. Also, quite a number of axial-flow 
compressors have proved very satisfactorily in various in 
dustrial applications in this country and abroad. 


@ Conclusions 


Present indications are that interest in the axial type of 
supercharger for aircraft engines will increase at an ac- 
celerated rate, partly due to the impetus recently given 
to the development of new designs for various kinds of 
gas turbines. The continuing trend toward higher critical 
altitude will provide further incentive to exploit the rela- 
tively high volumetric capacity of the axial design. 

It appears likely that considerable effort will be devoted 
to reducing the number of axial stages needed for a given 
pressure ratio by employing blades and vanes having im- 
proved airfoil sections with higher lift coefficients or in- 
creased camber. There is some evidence that compromises 
may be made in respect to efficiency in order to secure 
greater pressure ratio per stage, with the result that present 
levels of axial-flow performance may be reduced just 
enough: to meet the gradually rising peaks of centrifugal 
compressor efficiency in the near future. 

It seems to be generally agreed that there is no inherent 
reason why the efficiency of the centrifugal should not be 
susceptible of improvement to substantially the same levels 
as the axial type. In spite of its retarded application a 
regards quantity production, the present-day axial com- 
pressor represents a relatively advanced aerodynamic de- 
sign. This is largely due to the fact that recent progress 
in the aerodynamics of airfoils has been freely applied; 
also, the flow paths are simple and amenable to mathe 
matical analysis. The aerodynamics and the analysis att 
more complex in the centrifugal type, but significant 
progress is being made in the prediction of improved de- 
signs by calculation. It appears entirely possible, therefore, 
that within the next few years the choice between these 
two basic types may be made more upon the basis of 
adaptability to particular installations than upon any i- 
trinsic superiority of one over the other. 
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